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Abstract: We demonstrate a silicon-based wavelength-division multiplexing (WDM) tree
splitter for optofluidic switching of nanoparticles in a lab-on-a-chip or nanofluidic system.
The gradient force and scattering force induced by the evanescent field can, respectively, lead to trapping and transportation of colloidal polystyrene (PS) spheres directly
above the waveguide. Guiding of PS into any designated branch within a cascaded tree
splitter is achieved by switching of the excitation wavelength. As compared to that based
on microrings, an optimized design of the reported tree splitter approach offers a number
of advantages in terms of device compactness, wavelength tolerance, response speed,
and trap stability, while maintaining the inherent low-loss and low-power performance
features of WDM splitters. A network of such splitters can readily lead to a platform for
high-throughput and large-scale particle manipulation in nanofluidic systems.
Index Terms: Optical trapping, nanofluidics, silicon photonics, wavelength-division multiplexing (WDM).

1. Introduction
The development of high-throughput and low-cost bioassay devices has become increasingly
important nowadays as a result of ever-rising demand for better healthcare and disease treatment. The miniaturization revolution brought by microelectronics industry has inspired the emergence of “lab-on-a-chip” (LOC) approach for conducting biological tests [1]–[5]. To effectively
control solvents and solutes on a chip, several actuation approaches based on electrokinetics
[6], centrifugal force [7], pressure driven flow [8] and flow valving [8], [9] have been exploited.
Furthermore, with the development of bio-nanotechnology, it is now possible to conduct a range
of chemical or biological laboratory operations on a chip. Meanwhile, the size of fluidic channels
also continues to shrink from micrometer to nanometer regime. Apart from aqueous droplets,
samples can be in different forms, such as solid nanoparticles or biological molecules. For the
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TABLE 1

State-of-art regarding particle manipulation using photonic devices

manipulation of such objects, optical tweezers have become an important tool. A number of applications, including particle trapping, transporting [10], and sorting [11] in a fluidic environment
have been demonstrated. It is clear that laser actuation has many advantages because of its
non-invasiveness, small footprint, capacity for reconfiguration, and ability to operate on multiple
targets in a parallel fashion. However, diffraction limit and high input power have made this technique extremely difficult to accurately manipulate particles smaller than 100 nm. Fortunately, the
exploration of near-field optical forces in nanophotonics has yielded a way to solve this problem
[12]. This localized evanescent field can be condensed to below 100 nm with the help of subwavelength waveguides, surface plasmons [13], slot waveguide structures [14], or random gold
nano-islands [15]. With an extremely tiny hot spot and its gradient optical force volume, one can
trap sub-micrometer or even nano-sized particles. Apart from the gradient trapping effect, the
evanescent wave around a waveguide can further lead to actuation force for sample delivery.
The particles trapped in the evanescent field also induce photon scattering, and the scattering
force then propels the particles along the direction of propagation [12]. Based on this effect, researchers have incorporated silicon waveguide into LOC systems and realized several device
schemes for optofluidic manipulation and switching of dielectric nanoparticles or biological nanomaterials [10], [16]–[19]. Manipulation operations of nanoparticles including trapping [20], transporting [21], sorting [22], [23], storing [24] and sensing [25] have been reported. It is noteworthy
that we recently reported a nano-optical conveyor belt based on the use of waveguide-coupled
excitation, which can transport nanoparticles by tuning the incident wavelength [16]. In particular, optical switching plays an important role in the manipulation of nanoparticles and has been
widely investigated, as listed in Table 1. In 2004, Grujic et al. [26] used a Y-branched waveguide to guide particles to different output channels, by adjusting coupling condition of input fiber tip to change the splitting ratio. Crozier et al. [22] proposed an integrated microparticle
passive sorting system based on a 3-dB optical splitter with different geometrical characteristics
at both output branches and used the device for sorting particles by their size. Indeed
wavelength-dependent photonic devices offer a very useful platform for particle manipulation.
Directional couplers (DC) based on multimode interference have also been introduced for the
manipulation of micrometer-sized particles [19], [27]. However, dispersed optical field in multimode waveguides have deleterious effects on response speed and particle manipulation capacity. Furthermore, DCs in large dimensions are inefficient in terms of optical power localization.
On the other hand, ring resonators are a good option for wavelength-dependent target manipulation. Erickson et al. [18]; Poon et al. [17], [28]; and Crozier et al. [24] have demonstrated particle trapping and switching in a ring resonator by carefully tuning the resonance conditions. Due
to the microring resonator’s narrowband characteristics, the excitation wavelength has to be
very precise and performance drifts caused by temperature effects are quite significant. Also,
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Fig. 1. Schematic of our 1  2 WDM splitter with parallel waveguides labeled WG1 and WG2 and
corresponding outputs labeled P1 and P2 . Lc is the coupling length. (Inset) Cross section of parallel
waveguides with width w , height h, and gap g.

when the resonator is working in a resonance state, the field enhancement in the ring not only
attracts particles, it will induce considerable scattering losses as well. This may limit the functionalities of subsequent stages in the optofluidic network.
In this paper, we demonstrate a scheme based on a wavelength division multiplexing (WDM)
tree splitter for switching nanoparticles. With a WDM splitter having 2N output ports, one can
launch the input optical power to a specific brand by varying the excitation wavelength, which
can in turn guide a train of trapped particles and finally deliver them to a specific output destination. The reported device is both low-power as well as compact in size. The length of the splitter
can be as small as 6 m and particles can be trapped and transported to their destinations
within a few seconds. The WDM splitters also exhibit good wavelength tolerance and stability,
as compared with their microring-based counterparts. While this device design can be cascaded
to perform multiple manipulation tasks, it has potential to serve as a platform component for
high-throughput and large-scale integration nanofluidic systems. The reported scheme also
opens up a new direction through which photonic devices may perform particle switching according to the input excitation wavelength.

2. Design and Discussion
2.1. 1  2 WDM Splitter
Our 1  2 WDM splitter, as shown in Fig. 1, contains two parallel waveguides labeled WG1 ,
WG2 and two bends. The device can be fabricated on a SOI wafer with the silicon layer having
a height ðhÞ of 350 nm, and the entire waveguide structure sitting on top of the BOX (Buried
Oxide) layer. The width ðw Þ of two parallel waveguides is 300 nm, and the gap ðgÞ between
them is 50 nm. In our simulation analysis, the splitter is covered by water. In order to ensure
that the particle can move freely in any direction in the nanofluidic layer, it is better to trap particles at the top of waveguide. At the top of the waveguide, the transverse magnetic (TM) mode
has much stronger evanescent field than the transverse electric (TE) mode. The TM mode is
widely used in waveguide based nanofluidics chip [18], [19], [24]. Light beam propagating along
the parallel waveguides will transfer from one to the other at a length of beat length ðLB Þ. We
have chosen 1310 nm and 1550 nm for the incident wavelengths as they are universally used
by the optical communication industry. Using finite difference time domain (FDTD), we obtain
the corresponding beat lengths, which are 2.600 m and 1.615 m respectively. As for the coupling length ðLc Þ of the parallel waveguides, it is set as 5 m, which is approximately 2 times
and 3 times of the two beat lengths respectively. This means that excitation at 1310 nm will experience twice of coupling and light beam will be guided to output port P1 , while for the case of
1550 nm the beam experiences three times of coupling and finally goes to output port P2 .
The optical field profiles along the 1  2 WDM splitter are shown in Fig. 2. The incident power
is 20 mW. One can see that, at 1310 nm, 93.0% of optical power goes to P1 , while only 3.9%
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Fig. 2. Optical field profiles along the 1  2 WDM splitter at wavelengths of (a) 1310 nm and
(b) 1550 nm. The beam splitting ratios of these two wavelengths are labeled.

Fig. 3. Forces exerted on the PS sphere, which are 100 nm in diameter, as a function of particle location along the y -direction at the end of the coupling region. (a) Gradient force Fy and corresponding potential Uy . (b) Gradient force Fz and scattering force Fx for the case of 1310 nm. (c) Gradient
force Fy and corresponding potential Uy . (d) Gradient force Fz and scattering force Fx for the case
of 1550 nm.

goes to P2 . On the other hand, the power splitting ratio switches to 5.8% and 82.8% for P1 and
P2 , respectively, for the case of 1550 nm. Compared with 3-dB splitter, WDM splitter based
switching is much more power-efficient, since all of the input power will be delivered to the destination port. As discussed in [26], the critical beam splitting ratio for effective trapping and
switching of particles is about 3:1, thus confirming that our design is well within the required ratio for reliable operation. Furthermore, device compactness is critical for fast processing. It
takes less than 1 second for one particle to move through the coupling region, considering the
average travelling speed of particle is about 5.3 m/s in [19]. It is approximately 300 times faster than those multimode DCs with thousands micrometers length [19].
To demonstrate the switching of particles in detail, we have studied the gradient force
ðFy ; Fz Þ and scattering force ðFx Þ with respect to particle position along the y -direction. In this
simulation scheme, PS sphere of 100 nm in diameter is placed at the top of waveguide. It has a
density of around 1.05 g/m3 and its refractive index is about 1.59. Through surface functionalization, the PS sphere is capable of carrying biomolecular species so that it can be used for switching and manipulation of biomaterials. By varying the location of PS sphere along the Y axis, we
can calculate the distribution of forces along coupler.
With the excitation of 1310 nm and 1550 nm, the mode distributions as well as their induced
optical force at the end of coupling region are shown in Fig. 3(a) and (c). Optical forces are calculated using Maxwell stress tensor method with the corresponding fields obtained from 3-D finite difference time domain (FDTD) method. At 1310 nm, Fig. 3(a) shows that gradient force Fy
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Fig. 4. (a) and (d) Three-dimensional optical field distribution in the 1  2 WDM splitter. (b) and (e)
Virtual channel of the potential well for the PS sphere traveling along the coupling region. (c) and (f)
Potential distribution at four representative positions around the transition region. (a)–(c) For the
1310-nm excitation. (d)–(f) For the 1550-nm excitation.

will constraint the PS sphere to the center of WG1 . The potential, which is a product of Fy and
distance, also exhibits a minimum at the center of WG1 with a depth of 2.2 kB T (kinetic energy of
Brownian motion at the temperature of T ¼ 300 K, and kB is Boltzmann constant), which suggests that the PS sphere can be trapped firmly at WG1 against thermal diffusion. Fig. 3(b) shows
that the gradient force Fz also gets a minimum value at the center of WG1 , which provides a
downward attraction to the particle and make it attached onto the top surface of waveguide WG1 .
These two gradient forces form a 2D optical trap for particles in YZ-plane. Meanwhile, the scattering force Fx is in the direction of light propagation, with its maximum at the center of the waveguide, which provides the actuation for particle movement. We also calculate the optical forces
for the case of 1550 nm and results are presented in Fig. 3(c) and (d). One can see that the minimum of trapping potential Uy , the minimum of Fz and the maximum of Fx are all relocated to the
center of WG2 . Furthermore, the depth of potential well becomes larger due to higher intensity of
evanescent field at a longer wavelength. We believe that transfer of trap plays an important role
of particle switching. As a result, those loaded particles will be guided to P1 port under 1310 nm
excitation, while for 1550 nm excitation, they will be switched to P2 port.
To further study the transfer of PS particles between the parallel waveguides, we calculate
the optical potential along the coupling region. Three-dimensional models with optical field of
1310 nm and 1550 nm excitation are shown as Fig. 4(a) and (d), respectively. As particle traveling along the coupling region, Fig. 4(b) and (e) depicts the evolution of trapping potential
well, that is acting as a virtual channel to guide moving particles. Particularly, the potential distribution at 4 representative positions around the particle transfer region are plotted to depict
the transfer process in detail as shown in (c) and (f). Before particle transfer, the potential Uy
only has one valley around the center of one waveguide, as shown in the red lines in Fig. 4.
The last transfer occurs at around x ¼ 4000 nm and x ¼ 4250 nm as depicted by the blue lines
for 1310 nm and 1550 nm excitation respectively. Near the transfer point, the potential Uy has
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Fig. 5. Dependence of potential depth on (a) input power and (b) particle size. The power thresh1 1.5 mW, 
2 3 mW, 
3 6 mW, 
4 10 mW, 
5 12 mW, and 
6 22.5 mW.
olds are labeled 

a double-well shape with two minima, and the barriers between these wells will reduce due to
transfer movement the of PS sphere. When the barrier disappears, particles will be guided and
transferred to the waveguide that has a deeper potential well. Finally, the trapped particles
have moved into the potential channel along the parallel waveguides, as indicated by the black
arrows in Fig. 4(c) and (f), respectively.
In addition, trapping stiffness can be enhanced by optimizing the input power as trapping
force is proportional to the field gradient. Fig. 5(a) shows potential depth with respect to input
power for PS spheres with diameters of 100 nm and 200 nm. For the 100 nm sphere, an input
power of ∼10 mW is required to obtain a potential depth in excess of 1 kB T for 1310 nm excitation. This threshold decreases to 6 mW for the longer wavelength of 1550 nm, since the evanescent field extending from of the waveguide has a larger penetration depth. As for the 200 nm
sphere, due to the enlarged interaction volume with the evanescent field, the threshold further
reduces to 3 mW and 1.5 mW for 1310 nm and 1550 nm, respectively. More importantly, to obtain a potential depth of 10 kB T , the required power for 200 nm spheres is about 22.5 mW and
12 mW for 1310 nm and 1550 nm, respectively. But for 100 nm spheres, it is difficult to achieve
that with an acceptable input power. The dependence of potential depth on particle size is
shown in Fig. 5(b). The potential depth increases linearly for the particle size below 500 nm. Beyond 500 nm, the increasing trend gradually becomes saturated. This is because the penetration depth of evanescent field is typically a few hundreds nanometers, and within this region,
the field intensity decays exponentially.

2.2. 1  4 WDM Tree Splitter
It is often desirable to have higher levels of sample manipulation and more output ports for
multiple sample delivery destinations. Therefore, we propose a 1  4 WDM tree splitter for
4-output switching through cascading three 1  2 WDM splitters. For simplicity, the dimensions
of the silicon waveguide and other parameters of the parallel waveguides remain the same as
the 1  2 version.
As shown in Fig. 6, the 1  4 WDM splitter consists of two stages with three DCs. A critical issue of this design is on the choice of four different wavelengths and lengths of the coupling regions. In the first step of the design, the coupling length of the first DC is set as Lc0 ¼ 10:0 m,
and the transmission spectra at P11 and P12 are shown as Fig. 7(a). As one can see that at
1280 nm and 1530 nm the waveguide has maximum output at P12 and minimum at P11 , while
for the cases of 1150 nm and 1410 nm, the situation is reversed. All parameters of our design
are listed in Table 2. In fact, the coupling length Lc0 is three, four, five, and six times of the beat
length for each of the wavelengths selected. Consequently, with the incident wavelength set at
1280 nm and 1530 nm, the 1  2 WDM splitter of the first stage will guide the entire input power,
as well as the loaded particles to port P11 , while for the case of 1150 nm and 1410 nm, everything will go to port P12 . The coupling lengths for these two 1  2 WDM splitters in the second
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Fig. 6. Schematic of the 1  4 WDM tree splitter. Lc0 is the coupling length of the parallel waveguides of stage1; Lc1 and Lc2 are the coupling lengths of the other two pairs in stage2.

Fig. 7. (a) Transmission versus wavelength (nm) of the 1  2 WDM splitter on stage1 from both outputs P11 and P12. (b) Optical field profiles along the 1  4 WDM tree splitter at wavelengths of
1280, 1530, 1150, and 1410 nm, as well as the beam splitting ratios labeled in each subplots.

TABLE 2
Parameters used in the design of 1  4 WDM tree splitter

stage should be optimized separately. The coupling length Lc1 should be two and three times
that of the beat length of 1280 nm and 1530 nm, respectively, while the coupling length Lc2
should be 2 and 3 times of beat length of 1150 nm and 1410 nm, respectively. The final optimized values are Lc0 ¼ 10 m, Lc1 ¼ 5:10 m, and Lc2 ¼ 6:25 m.
To verify our design, we have calculated the final optical field at those four incident wavelengths, as shown in Fig. 7(b). As expected, almost all the optical power is guided to the designed destination. In the optimization step of the design, it is a tradeoff to make each splitter to
have an acceptable extinction ratio. We also notice that 1530 nm shows slightly weaker
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Fig. 8. Multiple optional functional groups can be integrated into one chip. Then, for different incident wavelengths, the chip works in different modes and performs different functions.

Fig. 9. Beam splitting ratios at four wavelengths in (a) stage1 and (b) stage2.

performance. This may be due to its shorter beat length, which increases the difficulty of separating light at the splitter in the optimization. Furthermore, light transmission in stage2 is not as
strong as expected since light coming from stage1 can excite high-order modes, which may
also result in oscillatory propagation. Fortunately, the final beam splitting ratios are still beyond
5:1, which is higher than the theoretical threshold required for switching. Then the scattering
force of light beam can guide the loaded particles into the expected port, which is connected to
a selected function group, as shown in Fig. 8. Since this device has very small insertion loss, it
can be used as a switching unit for the integration of multiple parallel optional processes. As
shown in Fig. 8, 4 optional functional groups can be integrated into one chip. For different incident wavelengths, chip works in different modes and performs different functions. One can
clearly see that by switching excitation wavelength, it is possible to choose the final destination
of the loaded particle.
In practical implementation situations, the wavelength of the laser diode source may drift because of varying ambient conditions. The sensitivity of our structure towards wavelength drift
defines its scope of application. To evaluate this aspect of our device, we first assume that the
incident wavelengths have a variation of [−10,10] nm, we demonstrate the beam splitting ratios
as a function of wavelength shift , as shown in Fig. 9. Our result shows that the beam splitting ratios in stage1 maintains a level beyond 9:1. In stage2, the performance is not as good as
stage1, but the beam splitting ratios are always higher than 4:1. The structure possesses large
tolerance towards wavelength shift, showing higher stability as compared to microring-based
switching.

3. Conclusion
In summary, we have reported a hybrid nano-optofluidic system in which a wavelength division
multiplexing (WDM) tree splitter is used for optofluidic switching of nanoparticles in a nanofluidic
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system. The gradient force and scattering force induced by the evanescent field of the waveguide mode can, respectively, lead to trapping and transportation of colloidal polystyrene (PS)
spheres. The energy potential and force distribution are obtained numerically and used to predict
the balanced position and motion trajectory of the trapped PS sphere. A 1  2N tree splitter with
N stages of cascaded directional coupler (DC) acts as a 2N ports switching unit, which is activated by 2N excitation wavelengths. Our switching unit is compact and therefore highly efficient
for fast particle transportation. The length of the splitter can be reduced to 6 and 20 m for 1  2
and 1  4 configurations respectively, and the particle can be transported through the entire coupling region within a few seconds. The optimized device possesses high wavelength tolerance
and low insertion loss. Through simultaneous excitation with a number of wavelengths, it is,
therefore, possible to use a cascaded network of the design for parallel manipulation processes
within one chip. Our proposed device may constitute a primary component for high-throughput
and large-scale integrated nanofluidic systems, thereby opening up a new horizon for wavelength dependent photonic devices as particle manipulation platform.
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