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We propose ultralow-power plasmonic tweezers with no external optical source. They consist of
a one-dimensional array of graphene-based plasmonic units driven by the optical transitions within
the underlying array of (Al, In)As/(Ga, In)As/(Al, In)As/(Ga, In)As/(Al, In)As quantum cascaded het-
erostructures (QCHs), electrically biased in series. Each QCH unit formed in a nanopillar can act as
a built-in optical source required for exciting the localized surface plasmons (LSPs) at the surface of
the overlying circular graphene nanodisk. The stimulated emission due to intersubband transition within
each optical source evanesces through the top (Al, In)As cladding layer and interacts with the overlying
graphene nanodisk, inducing the LSPs required for the formation of the plasmonic tweezers. Numerical
simulations show, under 145—-170 mV applied voltages, that the tweezers with graphene nanodisks of
1630 nm in diameter and chemical potentials of 0.5-0.7 eV can trap polystyrene nanoparticles of 9 nm
in diameter and larger, demonstrating acceptable sensitivities for variations in the nanoparticle diameter
and refractive index. These lab-on-a-chip plasmonic tweezers, benefiting from their small footprints and
ultralow power consumptions, which are capable of sensing and trapping nanoparticles without requiring
expensive external optical sources, open up a different horizon for developing compact on-chip plasmonic

tweezers.
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I. INTRODUCTION

Ashkin pioneered the optical tweezers idea in the early
1970s [1] and later experimentally demonstrated their use
for particle manipulation [2]. Dimensions of the particles
that can be manipulated by conventional optical tweez-
ers are diffraction-limited [3,4]. Nonetheless, exploiting
the optical near field of surface-plasmon interfaces has
enabled control of light beyond the diffraction limit, pro-
viding nano-optical traps [5,6]. In the 1990s and early
2000s, different groups theoretically studied nanoscopic
optical tweezers [7—9]. Unlike conventional optical tweez-
ers, plasmonic tweezers can remarkably confine the elec-
tromagnetic field at a metal-dielectric interface that is
beyond the diffraction limit, with a large gradient, enhanc-
ing the trapping force. This local field enhancement in
plasmonic tweezers allows the utilization of a weaker illu-
mination, decreasing the possibility of any unintentional
photothermal damage to the biological samples [10—-16].
Volpe et al. [12] demonstrated that the surface plasmon
polaritons at a water-gold interface led to a 40 times
optical-force enhancement. However, a major drawback
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of using metal-dielectric interfaces for plasmonic trap-
ping is the significant loss in metals and consequent heat
generation that may damage the biological cells under
study. Nevertheless, theoretical and experimental stud-
ies have shown that graphene, with lower resistive loss,
higher thermal conductivity [17-20], and tunable plas-
monic properties [21-—24], can be a superior alternative
for plasmonic applications. These promising properties of
graphene, besides its biocompatible nature [25,26], had
already led this group to design graphene-based plasmonic
force switches and tweezers [27—29].

Moreover, the use of an externally biased optical-gain
medium to compensate for the inherent loss of surface
plasmons has led to a next generation of plasmonic devices
called “spasers” [30-32]. The amplification of surface
plasmons through stimulated emission, in a spaser, can
generate a much stronger coherent plasmonic field than
that induced by a laser source on a conventional metallic
surface. The spaser characteristics depend on the geometry
and material property of its resonator and gain medium,
as well as how the surface plasmons are coupled out of
the resonator [33—35]. Moreover, a spaser can be pumped
either optically [36] or electrically [37]. An electrically
pumped spaser, unlike the one pumped optically, can be
a promising compact optical source for on-chip plasmonic
applications [37,38].
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Here, we present the design of electrically pumped
on-chip plasmonic tweezers, which, unlike our previously
reported plasmonic tweezers [15,27-29,39,40], require no
external optical pumping systems for excitation of the
surface plasmons. These on-chip plasmonic tweezers, ben-
efiting from ultralow electrical power consumption and
compact miniaturized structure, are capable of trapping
nanoscale particles.

II. MODEL STRUCTURE AND BASIC PHYSICS

Figure 1(a) illustrates a cross-section side view of the
proposed electrically pumped plasmonic tweezers, in the
x-z plane. It is composed of a one-dimensional array of
interconnected graphene-based nanospasers, each resem-
bling the one introduced by Apalkov and Stockman [32].
As shown in Fig. 1, each spaser is formed by a quan-
tum cascade heterostructure that is composed of lattice-
matched Ga0‘47In0'53As/A10.4gIn0‘52AS/GaO.47In0‘53As nan-
opillars sandwiched between two nanolayers of Al 4gIng s2
As. The epilayer thicknesses are designated by # (i=1,
2, 3, 4, 5). The entire multilayered heterostructure array
can be grown epitaxially on top of an In-P substrate, utiliz-
ing nanofabrication techniques similar to those explained
in Refs. [41,42]. Moreover, the empty space between the
nanopillars can be filled with a compatible insulating mate-
rial, such as Si;Ny, using plasma-enhanced chemical vapor
deposition (PECVD) [43]. The entire array of quantum
cascade heterostructures can be biased, in parallel, via the
two Ti-Au ohmic contacts devised on the top and bot-
tom interconnecting epilayers, i.e., Alg4glngsyAs layers
designated with thicknesses #; and #5s. Notably, these ter-
minals are electrically isolated from the liquid within the
microfluidic chamber.

As also seen in Fig. 1(a), circular graphene nanodisks
of the same diameters (d) and chemical potentials (w¢)
are devised on the top Alg4slng spAs epilayer, so that each
is cocentered with the underlying nanopillar of diameter
D > d. For the tweezers to be accomplished, an appropriate
microfluidic chamber is devised on top of the structure, as
seen in Fig.1(a), through which the nanoparticles can flow
above the graphene nanodisks by the fluidic drag force
[44]. Figure 1(b) shows the top (x-y plane) view of the pro-
posed on-chip plasmonic tweezers. Moreover, we assume
that sufficiently dilute suspensions of nanoparticles of vari-
ous diameters (green and blue) are quasi-statically entering
the channel via the inlet. The sheath flows help most of
the incoming nanoparticles to move very slowly above the
graphene nanodisks.

Here, we briefly explain the basic physics that govern
the plasmonic tweezers’ functionality. When the properly
designed array of spasers is electrically pumped with an
appropriate external bias [Fig. 1(a)], the resulting inter-
subband optical transition within the top Gaga7Ings3As
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FIG. 1. (a) Side (x-z plane) view of heterostructure plasmonic

tweezers devised on In-P substrate. (b) Top (x-y plane) view
of the fluid chamber devised on top of tweezers containing
polystyrene (PS) nanoparticles of various diameters (green and
blue).

region in each spaser can originate excitation of the local-
ized surface plasmons (LSPs) on the respective overlay-
ing graphene nanodisk (see Appendix A). A nanoparticle
positioned near the LSPs on the tip of an electrically acti-
vated spaser may experience an optical force. The gradient
components of the average optical force may trap that
nanoparticle above the nanodisk surface. The out-of-plane
component of the gradient force can be balanced by var-
ious opposing forces, originating from thermophoresis,
fluidic lift, gravity, and electrostatic mechanisms, prevent-
ing the particles from sticking to the nanodisk surface
[15]. The in-plane component of the gradient force results
in a gradient potential that may trap the particle. The
threshold for the trapping potential energy is —10kp7,
wherein kg and T are the Boltzmann constant and ambient
temperature, respectively.

Notably, the center frequency of the intersubband opti-
cal transitions (@) depends on the active region thickness,
t;, and V4. For the LSPs to be excited on a spaser tip,
the resonance frequency of the graphene nanodisk LSPs
(wrspr) should be equal to wy. The condition wyspr = wyg
sets constraints on the graphene nanodisk chemical poten-
tial (u¢) and diameter (d), as the design parameters. The
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intensity of the emitted radiation in the active medium
depends on the magnitude of the external electric field,
which is related to the magnitude of the applied voltage
and the active region diameter, D. For the spaser LSPs to
be intense enough to result in the desired trapping condi-
tions, the thickness of the top cladding layer (¢;) should be
thin enough for the evanescent part of the optical field to
reach the graphene nanodisk with an appropriate intensity.
Above all, for a spaser to be suitable for trapping parti-
cles, it must operate in the continuous-wave (cw) regime,
as discussed Secs. 11l and I'V.

In Sec. III, we show how one can obtain the optical-
plasmonic force components and the gradient potential,
using the Maxwell stress tensor (MST).

III. THEORY AND SIMULATION

Using the finite-difference method to solve the coupled
Schrodinger—Poisson equations self-consistently, for the
given quantum cascade heterostructure [Fig. 9(a)], biased
with a particular dc applied voltage, we can obtain the cor-
responding band structure, eigenfunctions (y; and ,),
and the corresponding eigenenergies (£, and E»), as can
be seen in Fig. 9(b). From these solutions, we can obtain
the medium gain required for solving Maxwell’s equations
[45,46],

2wy |da1[*ne
ch F21 80«/R€ Eeff

where €p and ¢ are the permittivity and light veloc-
ity of free space, respectively; & is the reduced Planck
constant; wy=(E;—E)/h ; and I'y; is the intersubband
transition rate accounting for various scatterings [47,48].
Moreover, nc¢ is the per volume inversion population that
can be obtained from the difference between the density
matrix elements p,, and p;; related to the states ¥, and
V1 [46,49]. Moreover, dyy = e [ Y5 z,dz is the dipole
matrix element of the intersubband transition, with e as the
electron charge and Re e is the real part of the effective
relative permittivity of the quantum cascade heterostruc-
ture that can be estimated by effective medium theory, i.e.,
Re e ~ B3 11/ B2 tie; "
A necessary condition for cw spasing is [46]

gm™) = (1)

- w Re s(w)
&= c/Re g 1 — Re s(w)

where gy, can be interpreted as the threshold gain needed
for spasing,

Im gg(w) =gm, (2

(w +er) | . 0()
2 Eow A ’

gq(w) ~

3)
is the effective relative permittivity of the graphene, and

s() =Re gop [ [Re eofp — 4(w)] 4)

is the Bergman’s spectral index [50—54] that originates
from the Bergman interpretation of the observation of
additional resonances found in the physical properties of
macroscopically inhomogeneous media [55]. In Eq. (3),
o represents the surface optical conductivity of the
graphene nanodisk, which, in the absence of an exter-
nal magnetic field, can be approximated by the simplified
Kubo formula, neglecting the insignificant quantum size
effects on the graphene plasmons [27,56,57],

2eszT i Hc
Og = > — In | 2 cosh
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where 7, = e e / ev? is the carrier relaxation time in
graphene, with mobility x, =10* cm?> V='s~! and Fermi
velocity of vp=10% cms~!. In deriving Eq. (3), we con-
sider the graphene nanodisk to be an ultrathin dielectric
layer of thickness A = 0.34 nm that is sandwiched between
an infinitely thick layer of fluid (water), with a relative per-
mittivity of e, and the quantum cascade heterostructure as
an effective medium with relative permittivity of . and
thickness #>> A. The imaginary part of the effective rela-
tive permittivity of the quantum cascade heterostructure is
proportional to the medium gain, Im eep = —gk,, I /Reses
[46,58].

Moreover, we handle the mechanism responsible for the
excitation of the LSPs at the interface of the graphene with
water in the fluidic chamber quasi-classically, by solving
Maxwell’s equations numerically.

Having obtained the field distribution at the graphene
surface, using the three-dimensional finite-difference time
domain (FDTD), we can now use the MST method to
evaluate the average optical force exerted on the nearby
nanoparticle by the corresponding LSPs [59—61],

(F) = IRe 7§ T(r,?) - ndS, (6)
2 Q

where

T(r,!) = ¢E(r, ) Q E*(r, 1)

+ uH(r, 1)  H*(r, 1) %)

1
- E(SIE(r, DI + ulHr, 0%
is the Maxwell stress tensor; r and ¢ are the position vector

and time, respectively; n is the unit vector normal to the
surface S enclosing the particle volume 2; ¢ and u are the
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medium permittivity and permeability, respectively; and E
and H are the electric- and magnetic-field vectors, respec-
tively. Finally, to evaluate the trapping capability of the
spaser, we obtain the distribution of the potential energy
resulting from the in-plane component of the gradient force
exerted on the nanoparticle in the given x-z plane [62]:

¥

Uy) = —f F0Ndy". ®)
oo

The potential energy experienced by a dielectric particle

of diameter § and relative permittivity of ¢, that is sur-

rounded by water, at a point in the given plane, where the

light intensity is / can be simplified to [63,64]

283 (g, — &)
c (g +2e,)

Up) = - ©

IV. RESULTS AND DISCUSSION

First, we start with a spaser for which geometrical and
physical parameters are the same as those of the spaser
introduced by Apalkov and Stockman [32]. The intersub-
band transition and spaser characteristics, i.e., i wy, di2,
ne, T2, & and hwpspr = hwy, for this particular sam-
ple (S1) obtained from the numerical method discussed in
Sec. III can be seen in Table 1. The input parameters t,, d,
and pc used in this simulation are also given in the same
table. Nonetheless, the geometrical and physical parame-
ters, D=60 nm, t;, =t; =5 nm, 3 =1.5 nm, 74 =6 nm,
g1=¢63=65=1244, gy=64=139, and A=0.34 nm,
that are in common with other spaser samples (S2—S6) and
will be discussed later in this section are also used as the
input parameters.

Next, we investigate the effects of the graphene nan-
odisk diameter and top (Al In)As thickness on hwrspr
and the corresponding mode intensity on its surface.
Figure 2(a) illustrates the profile Awispr versus #; and
d. As seen in this figure, unlike the nanodisk diame-
ter, which has a great influence on the LSP’s resonance
energy, the role of the thickness of the top (Al, In)As layer
in determining Awispr is insignificant. In fact, when
increases from 2 to 9 nm, the Re (&) increases from
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FIG. 2. Dependency of (a) hwrspr and (b) corresponding nor-
malized mode intensity on the graphene nanodisk diameter,
d, and thickness of the top (Al,In)As layer, #;, when other
parameters are kept the same as those for S1 (Table I).

13.1 to 13.32 (i.e., ~1.6%). As a result, the variation of
the plasmon energy (hwrspr) is less than 1%, because
hopspr o< d=V2(e,, + ec) ~1/? [65]. Figure 2(b) illustrates
the LSP’s mode intensity at the water-graphene interface
normalized to that within the top (Ga, In)As region of the
spaser. As expected, this figure shows that the mode inten-
sity, for a given d, decreases with an increase in ;. Because
the top (Al, In)As layer acts as a cladding layer, wherein
the emitted light evanesces through it before reaching the
graphene nanodisk. From Fig. 2(b), we can observe that for
d> 16 nm and #; <5 nm the normalized LSP mode inten-
sities are greater than 5x10°. Our further investigations
show that #{ = 5 nm is thin enough for the LPS mode inten-
sity to be sufficient for trapping the target nanoparticles
passing near the nanodisk top surface.

Then, we vary uc, keeping all other parameters fixed,
as for the spaser S1, and evaluate the influence of w¢
on hwrspr and the corresponding mode intensity at the
water-graphene nanodisk interface. Figure 3(a) illustrates
the simulated profile. As seen from this figure, the larger
the ¢, the larger Awyspr, and the greater the normalized
mode intensity. In other words, as jt¢ increases, the density
of free electrons, and hence, the number of plasmons at

TABLE 1. Simulation input parameters and resulting spaser characteristics for samples S1-S6, with common parameters of
D=60nm,t; =ts=5nm,t3=15nm, %4, =6nm, &, =8e3=¢5=12.44, e, =64=13.9, and A =0.34 nm.
Spaser d Ke ) Va Ao hiwrspr da ne 21 gt g
(nm)  (meV)  (nm)  (mV) (um) (meV) — (enm) (um™) (ps)  (um™")  (um7)
S1 16 600 83 154.8 7.349 168.93 8.5 3.37x10* 1.2 2.1 38
S2 30 10 154 9.569 129.75 8.75 3.75x10* 0.95 2.07 27
S3 16 700 7.7 100.8 6.784 183 8.41 3.1x10 1.3 1.79 40.3
S4 30 9.6 162.6 8.947 138.77 8.78 3.66x10* 1.1 1.77 327
S5 16 500 8.8 144.7 7.925 156.65 8.64 3.56x10* 0.8 2.55 25.6
S6 30 10.7 169.2 10.318 120.33 8.9 3.68x10% 0.9 2.49 23.5
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FIG. 3. Normalized mode intensity profile versus fiwspr and
e for graphene nanodisks of diameters (a) d =16 nm and (b)
d=30 nm.

the graphene surface increases, enhancing the plasmonic
intensity. Moreover, the LSPR frequency increases with
the square root of the chemical potential (wrspr ,ulc/ 2)
[65].

Revisiting Fig. 2(b), we can observe that for 1, =5 and
20 nm <d <30 nm the LSP’s mode intensity is almost
invariant. For the sake of comparison, we consider another
spaser sample (S2) with d=30 nm and calculate the
dependencies of the normalized LSPs on the surface of the
corresponding graphene nanodisk on ¢ and hwpspr [see
Fig. 3(b)]. The profile that is shown in Fig. 3(b) behaves
similarly to that shown in Fig. 3(a), but with a larger
mode intensity that is in agreement with Fig. 2(b). Setting
hwy = hwrspr at we=0.6 eV from Fig. 3(b) and solv-
ing the coupled Schrodinger equation self-consistently, we
obtain #, and V4 for spaser sample S2, as shown in Table I.

Moreover, we choose four new samples from Figs. 3(a)
and 3(b): two with uc=0.7 eV [i.e., S3 from Fig. 3(a)
and S4 from Fig. 3(b)] and two with uc=0.5 eV [i.e,
S5 from Fig. 3(a) and S6 from Fig. 3(b)]. Then, for each
case, we solve the coupled Schrodinger-Poisson equations
self-consistently to find the required #, and V4 for achiev-
ing the intersubband transition of energy Awo = hwrspr.
The simulated spaser characteristics for samples S3—S6
are also given in Table I. A comparison of data in the
last two columns of Table I clearly indicates that g > gy,
for all six spasers, guaranteeing cw operation required for
nanoparticle trapping.
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FIG. 4. Normalized mode intensity profile versus d at the top
surface of the graphene nanodisk of samples (a) S1, S3, and S5;
and (b) S2, S4, and S6, with parameters given in Table I.

Now, to make sure that the parameters related to the
samples with d =16 and 30 nm, given in Table I for each
sample, correspond to the peak LSP mode intensity at res-
onance frequency in that sample, we vary d about the given
value for each case and calculate the normalized LSP mode
intensity on the given nanodisk top surface. Figure 4(a)
shows that the mode intensities for S1, S3, and S5 are all
optimized for d = 16 nm, and Fig. 4(b) similarly shows that
the mode intensities for S2, S4, and S6 are optimized for
d=30nm.

Having obtained the optimized design parameters, for
each of the six proposed spaser samples (S1-S6) given in
Table I, we are prepared to evaluate their trapping capa-
bilities. Other research groups [66,67] have experimen-
tally demonstrated that the plasmonic tweezers can trap
nanoparticles when they are within the plasmonic active
nano space, i.e., about 10—15 nm above the plasmonic sur-
face. Figure 5 illustrates the profiles of normalized mode
intensities calculated in the x-y plane positioned at 12 nm
above the graphene nanodisks of samples S1-S6, as an
example. For details of the field penetration in water above
the nanodisk for each sample, see Appendix B.

Now, considering spherical PS nanoparticles of diameter
8 = 14 nm, we use Eqs. (6)8) to calculate the components
of the average plasmonic force exerted on the nanoparti-
cle and the resulting gradient potential experienced by it
along the y direction in the aforementioned x-z plane. The
dotted, dotted-dashed, and dashed lines in Figs. 6(a)—6(f)
(left axes) represent the x, y, and z components, respec-
tively, of the average plasmonic force exerted on the given
particles by spaser samples S1-S6. The solid lines in the
same figures (right axes) represent the resultant gradient
potentials that the particles experience. As can be seen
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FIG. 5. Normalized LSP mode intensity in x-y plane 12 nm
above the graphene nanodisk surface of (a) S1, (b) S2, (¢) S3,
(d) S4, (e) S5, and (f) S6.

from the dotted lines in Figs. 6(a)—6(f), the scattering com-
ponent of the plasmonic force exerted on the nanoparticle
is negligible, i.e., F, ~ 0. Nonetheless, the dashed lines in
each case show that the out-of-plane component of the
gradient force (F) is negative, attracting the nanoparti-
cle toward the graphene nanodisk surface. However, this
component can be balanced by various opposing forces,
originating from the thermophoresis, fluidic lift, gravity,
and electrostatic mechanisms, preventing the particle from
sticking to the surface [15]. The dotted-dashed lines, in
each case, demonstrate that the in-plane component of the
gradient force changes its sign at the center of the nanodisk
(y =0). Hence, as shown by the solid lines in each case
in Figs. 6(a)—6(f), the depth of the corresponding poten-
tial well along the y direction [Eq. (7)] occurs at y =0. As
observed from Figs. 6(a)-6(d) and Fig. 6(f), over a partic-
ular range of y, in each of the five cases, U, < —10 kT,
i.e., the potential depths induced by the LSPs of S1-S4
and S6 on the corresponding nanoparticle are sufficiently
deep enough to overcome the Brownian motion of the
trapped particle. The 10 k3T potential depth is the thresh-
old for overcoming any excess energy that the trapped par-
ticle may gain upon stochastic interaction with energetic
molecules in the surrounding medium [68]. In other words,
this is a precondition set to guarantee stable trapping. How-
ever, as observed from Fig. 6(e), |U,(y)|<10 kzT over the
entire surface of spaser S5. In other words, the potential
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FIG. 6. Components of plasmonic force (left axis) exerted on
a PS nanoparticle of diameter § = 14 nm traveling along the y
direction of the x-y plane at z = —12 nm, and the resulting poten-
tial (right axis) in (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) Se.
Dotted, dotted-dashed, and dashed lines represent components
Fy, F,, and F., respectively.

energy created by the S5 LSPs is not deep enough to
efficiently trap the PS nanoparticle of diameter § = 14 nm.
Nonetheless, our further investigations show that for S5
to trap a PS nanoparticle efficiently, the particle radius
should be § > 16 nm (open circles in Fig. 7). Moreover,
simulations also show that S6 can efficiently trap PS
nanoparticles of § > 9 nm (solid circles in Fig. 7).
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Finally, we investigate the sensitivities of samples S1
and S2 to minute changes in the nanoparticle refrac-
tive index (n) and diameter (§), as two examples. Solid
circles in Fig. 8(a) illustrate the variation in U,(x=0,
y=0, z=—12 nm) versus the particle refractive index
(1.55<n < 1.6) for S1 (left axis), whereas the solid dia-
monds represent a similar variation for S2 (right axis).
These two sets of data show that, as the particle refractive
index increases slightly, the depths of these two poten-
tial energies also increase with nearly constant slopes.
This behavior is in accordance with Eq. (8). Consider
a minute change of 5 in polystyrene refractive index
(i.e., n, =1.55+n, where 0.01 <7 <0.05) and substitute
&, = (1.55 + n)? in the multiplier (g, + 2¢,,) "' (¢, — &)
in Eq. (9). You will see that the ratio can be estimated by
the linear relation (0.11 4 0.47n), over the narrow range
of 1.55 <n, <1.6. From the linear slopes of the data pre-
sented in Fig. 8(a), we can estimate that the trapping
sensitivities to a minute change in the particle refractive
index are S, = dU/dn, ~ —62 kpT per refractive index unit
(r.i.u. for S1) and —210 kgT/r.i.u. (for S2).

Moreover, the data depicted by solid circles (diamonds)
in Fig. 8(b) represent the variation of the potential energy
experienced by a PS nanoparticle positioned at (x =0,
y=0,z=—12nm) in S1 (S2) versus its diameter. Accord-
ing to Eq. (9), U o 83. However, applying a minute change
of & in the nanoparticle diameter around §o = 14 nm (i.e.,
8§ =680+ &, where £ <1 nm), we can estimate the corre-
sponding multiplier in Eq. (9) by 8° ~ §3(8, + 3&) over
the given narrow range. The nearly constant slopes of the
data shown in Fig. 8(b) reveal that the trapping sensitivity
to a minute change in the particle diameter for S1 (S2) is
S5 =dUlds ~ —1.2 (—5.6) kgT/nm.

One of the advantages of the proposed tweezers, besides
their built-in optical sources, lies with the large number of
plasmonic units, each capable of trapping a single target
nanoparticle. Presuming one or more of the spasers do not
function properly, for any reason, and fail to trap the target
nanoparticles, there would be many more to function.

(a) —10;
= ~
50 11 =
£ -12 ?*
5 18 )
-14 ‘ ‘ : ‘ % _5g
155 156 157 158 159 16
Refractive index
(b)—10.2‘_ -45
< 4 Y =
& _10'6§ -46.5 &
> 11} < 48 <>
o —14 495 &)
~11.8' ‘ ' ———¥_5
14 142 144 146 1438 15
Diameter (nm)
FIG. 8. Potential energy experienced by a nanoparticle at coor-

dinates (x =0, y =0, z=—12 nm) versus its (a) refractive index
(n) and (b) diameter (8) in S1 (*: left axis) and S2 (#: right axis).

V. CONCLUSION

We propose ultracompact lab-on-a-chip tweezers that
have no need for any external optical source. Each device
is composed of a number of plasmonic units that are con-
nected in parallel and can be activated electrically with
an ultralow external applied voltage (V4 <170 mV). The
entire plasmonic unit, in each system, is covered by a
fluidic chamber through which the target nanoparticles
can flow by a driving fluidic force and is isolated from
the biasing terminals. Each plasmonic unit is made of a
spaser that consists of a quantum cascade heterostructure
[(Al,In)As/(Ga, In)As/(Al, In)As/(Ga, In)As/(Al, In)As/
(Al,In)As] topped with a graphene nanodisk of given
chemical potential (u¢) and diameter (d). When the
designed multilayer heterostructures are appropriately
biased, the resulting intersubband optical emission within
each active region can act as an internal optical source.
This emission, evanescing through the top (Al In)As
nanolayer and interacting with the graphene nanodisk, can
excite the desired LSPs on its top surface. These LSPs
with adequate intensity can sense and trap nanoparticles
of specific refractive indexes (7,) and diameters (§). In our
designs, we use graphene nanodisks of diameters d =16
and 30 nm, each with three different chemical potentials
(i.e., uc=0.5, 0.6, and 0.7 eV). Our numerical inves-
tigations show that the tweezers consist of spasers with
graphene nanodisk of d=16 nm and wc=0.5, when
operating under an applied voltage of V;=144.7 mV,
can trap PS nanoparticles of §>16 nm. Nonetheless, by
solely altering the nanodisk diameters to d =30 nm, the
required applied voltage at which the spasers operate
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appropriately is 169.2 mV, for which the tweezers can
trap PS nanoparticles of diameters as small as 9 nm. We
also calculate the trapping sensitivities of the tweezers
to minute changes in the nanoparticles’ refractive indices
(S,) and diameters (Ss). As an example, for tweezers with
nc=0.6eV,S,~—62kgT/riu. and S5 ~ —1.2 kg T/nm for
d=16nm, and S, ~ —210 kgT/r.i.u. and S5 ~ —5.6 kg T/nm
for d =30 nm.
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APPENDIX A: SPASER BAND DIAGRAM

Figure 9(a) illustrates a side view of spaser S1, with
the same geometrical and physical parameters as those
used in Ref. [32]. Using the finite-difference method, we
self-consistently solve the coupled Schrodinger—Poisson
equations to obtain the band diagram of the quantum cas-
cade heterostructure underlying the top graphene nanodisk,
as depicted in Fig. 9(b). The eigenfunctions (¥;,) and
corresponding eigenvalues (£ 2) are depicted in the band
diagram. Moreover, the coordinates of the horizontal and
vertical axes reveal the epilayer thicknesses, ; (i=1, 2,...
5), and the barrier heights between the adjacent quan-
tum wells and the dc applied bias, V4. In obtaining these
solutions, we set the intersubband transition frequency,
wo=(Ey—E1)/h , equal to the resonant frequency of the
LSPs on the graphene nanodisk, wy spr (see Table I for S1).
Notably, a crucial role of the second quantum well (i.e., the

< —
é-zoo— ¥,
g-300~ E N
5 —400 | 7
5 ] E
-500 1
-600f L]
0 3 6 9 12 15 18 21 24

z position (nm)

FIG. 9. (a) Cross-section view of the plasmonic unit of the
proposed tweezers, (b) corresponding conduction band diagram
for the operating condition shown as S1 in Table 1. £y rep-
resents the first (second) energy levels of quantum cascade het-
erostructure, corresponding to eigenfunction v 1(2). D =60 nm,
d=16 nm.

top (Al, In)As epilayer of thickness #,), besides its role in
obtaining the desired solutions, is to facilitate and speed up
the process of electron extraction from the lower subband
(E1) via the bottom (Al, In)As epilayer (#s) into the output
terminal, enhancing the population inversion.

APPENDIX B: FIELD PENETRATION IN WATER

The LSP profiles above the graphene nanodisk surface
in each sample depend on the overall dispersive properties
of that particular spaser constituent at the given applied
bias and liquid permittivity. Figure 10 illustrates the nor-
malized electric-field distributions above the nanodisk sur-
face in water (i.e., along the —z direction in the x—= plane
at y = 0) for samples S1-S6. As observed in this figure, the
plasmonic field on the surface of the nanodisk in each sam-
ple maximizes near its perimeter. Furthermore, the color
contours in each sample reveal that, as the field penetrates
in the —z direction, the corresponding maxima converge to
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FIG. 10. Distributions of normalized field intensities above the
surface of the graphene nanodisk (in— direction) in the x—z plane
at y =0 for each of the six samples S1-S6.
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FIG. 11. Penetration of the field in water above the center of
each nanodisk in samples (a) S1, S3, and S5; and (b) S2, S4, and
S6.

form a monopole in a focal plane about 10.42 nm above the
16 nm nanodisks (i.e., S1, S3, and S5) and nearly 11.39 nm
above the 30 nm nanodisks (i.e., S2, S4, and S6). Figure
11 shows details of field penetration along the — direction
at x=0 and y=0. From these data, one can see that the
smallest and largest attenuation constants of nearly 0.18
and 0.25 nm~', respectively, belong to samples S1 and S5.
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