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Abstract. The development and ultimate operation of a nanocomposite high-aspect-ratio photoinjection (HARP)
device is presented in this work. The device makes use of a nanocomposite material as the optically active layer
and the device achieves a large optical penetration depth with a high aspect ratio which provides a strong actua-
tion force far away from the point of photoinjection. The nanocomposite material can be continuously illuminated
and the position of the microdroplets can, therefore, be controlled to diffraction limited resolution. The nanocom-
posite HARP device shows great potential for future on-chip applications. © 2015 Society of Photo-Optical Instrumentation

Engineers (SPIE) [DOI: 10.1117/1.JBO.20.2.025004]
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1 Introduction
In recent years, great attention has been given to microfluidics
technologies.1–5 Microfluidics has many benefits for laboratory
analyses, including increased portability, high throughput,
low reagent volumes, and low power consumption, all of
which come about from the microscale of the devices.
Microfluidic devices can be found in many contemporary appli-
cations, including proteomics,6 fluorescence imaging,7 clinical
diagnostics,8 and DNA analysis.9

An intriguing subset of microfluidics that has emerged in
recent years is digital microfluidics (DMF).10–15 These DMF
systems carry out two-dimensional (2-D) microdroplet actuation
by way of perturbations to the on-chip electric field distribution.
This allows DMF devices to be reconfigurable for a variety of
analytical functions. Perturbations to the electric field distribu-
tion can come about from changes to the applied voltages on
arrayed electrodes, as in standard electrowetting,16,17 or even
from light-induced changes to semiconductor conductivity on
arrayed electrodes, as in optoelectrowetting.18,19 This later tech-
nique has particular advantages for applications demanding
small droplet size, precise microdroplet positioning, and mini-
mal fabrication complexity.

For traditional optoelectrowetting, the DMF structure is acti-
vated by the optical triggering of an integrated photoconductive
switch.20 This attracts microdroplets to the illuminated position.
Unfortunately, optoelectrowetting systems, similar to electro-
wetting systems, are discrete in nature and require on-chip inte-
gration of arrayed electrodes. The resolution for actuation is thus
limited to the scale of the arrayed electrodes. To overcome the
drawbacks due to the discrete nature of standard optoelectrowet-
ting systems, Chiou et al.21 introduced an innovative continuous
optoelectrowetting (COEW) system that uses an amorphous-Si
(a-Si) layer to provide microdroplet motion to any position
above a single continuous electrode. The work presented here
builds upon these findings.

In this work, COEW is demonstrated by way of optical activ-
ity in a nanocomposite layer having embedded semiconductor
nanoparticles in a polymer host. The nanocomposite layer is
implemented in a continuous plane to support COEWoperation.
The nanocomposite layer thickness is defined in accordance
with the optical penetration depth of the illuminating beam.
This leads to the formation of a localized “virtual electrode”
with a high aspect ratio. It is found that the use of a nanocom-
posite layer and high-aspect-ratio photoinjection (HARP) allows
for greater long-range horizontal forces compared to traditional
a-Si photoinjection systems under the same illumination and
bias electric field conditions. The material and structural consid-
erations are presented for the implementation of such a nano-
composite HARP device.

2 Actuation Considerations
Actuation for the proposed COEW device is brought about by a
continuous wave (cw) laser with an above-bandgap photon
energy. The laser is focused from above onto the optically active
layer to form a local “virtual electrode.” Under such illumina-
tion, the semiconductor grains/particles form freely conducting
charge-carriers, resulting in increased photoconductivity. The
polarization of these charge-carriers from the applied voltage,
Vb, leads to local space-charge screening which perturbs the
electric field. The electric field perturbation attracts the micro-
droplet of interest to the illuminated focal spot.

In Figs. 1(a) and 1(b), respectively, cross sections of the rep-
resentative traditional a-Si photoinjection device and new nano-
composite HARP device are shown. Each device has a
continuous transparent indium tin oxide (ITO) top layer and
a continuous copper bottom layer. These electrode layers are
used to apply the bias voltage, Vb. Directly above the copper
layer in Fig. 1(a) is a 10-μm thick a-Si layer, with a thickness
that is approximately equal to its optical penetration depth.
Directly above the copper layer in Fig. 1(b) is a 440-μm
thick nanocomposite layer having Si or InP nanoparticles
embedded in an insulative polydimethylsiloxane (PDMS)
host. The PDMS is chosen because its high dielectric breakdown
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strength, 2 MV∕cm, supports the application of large bias elec-
tric fields and its high dielectric constant of 3.0 (Ref. 22) leads to
increased polarizability. SEM images of the Si nanoparticles
(with diameters down to 20 nm) and InP nanoparticles (with
diameters down to hundreds of nanometers) are shown in
Fig. 1(b) insets. The inner layers consist of two 10-μm thick
dielectric layers made of polyethylene. In the 270-μm thick
actuation region, an oil filler is used to surround the microdrop-
lets of interest. With this configuration, the microdroplets have a
contact angle of approximately 90 deg and this leads to
decreased shear and contact line resistive forces (compared to
those for an air filler).

In the traditional a-Si photoinjection device and nanocompo-
site HARP device, microdroplets undergo motion according to a
horizontal dielectrophoresis force that is fundamentally based
on the presence of a nonuniform electric field.23 The nonuniform
electric field produces a nonuniform polarization throughout the

microdroplet—which leads to a nonuniform distribution of
bound charge and a net actuation force for the microdroplet.
The actuation regions of Figs. 1(a) and 1(b) show this horizontal
dielectrophoresis force on a microdroplet that is present within
a traditional a-Si photoinjection device and the proposed nano-
composite HARP device, respectively, for equal applied volt-
ages. The results in these figures are generated by
numerically integrating the contribution from charges on the
electrodes to generate an electric field distribution, Eðx; yÞ, as
a function of the displayed horizontal (x) and vertical (y) dimen-
sions. The electric field distribution seen in the x–y cross-sec-
tional plane is used to compute the horizontal dielectrophoresis
force, which is defined in proportion to the horizontal (x) com-
ponent of ∇jEðx; yÞj2. The actuation regions of Figs. 1(a) and 1
(b) show the horizontal dielectrophoresis force as grayscale
maps, with white indicating increased magnitude, for the tradi-
tional a-Si photoinjection device and proposed nanocomposite
HARP device, respectively. It is seen that the proposed nano-
composite HARP device produces actuation over a longer
range compared to that of the traditional a-Si photoinjection
device. This distinction for the ranges is quantified in Fig. 1(c),
which plots the normalized horizontal dielectrophoresis force,
Fxðx; y ¼ 40 μmÞ, for the a-Si photoinjection device (green
dashed line) and nanocomposite HARP device (purple solid
line) as a function of the horizontal, x, dimension at y ¼ 40 μm.
For the nanocomposite HARP device, the long-range electric
field gradients result from photoinjection with an accentuated
vertical dimension, i.e., high aspect ratio. For the traditional
device, photoinjection is carried out with a flatter profile, i.e.,
low aspect ratio, and this yields electric field lines that mimic
a parallel plate capacitor—with largely vertical electric field
lines and minimal fringing fields (that would be needed to
induce long-range microdroplet actuation). It should be noted
that the large penetration depths required for nanocomposite
HARP devices, being on the order of hundreds of microns, can-
not be achieved with existing crystalline, polycrystalline, or
amorphous semiconductors.

The nanocomposite HARP device relies on optical activity to
actuate droplets. Therefore, it is important that the semiconduc-
tor nanoparticles undergo charge-carrier photogeneration and
subsequent recombination upon photoexcitation. To investigate
the charge-carrier dynamics of the Si nanoparticles, pump–
probe experiments are performed. These experiments use an
ultrafast pulsed laser to pump the material at a 780-nm wave-
length yielding photogenerated charge-carriers and probe at a
1550-nm wavelength to sample the time-varying charge-carrier
density. A pump-probe scan of the Si nanoparticles is shown in
Fig. 2 as a solid red line. It is seen that the Si nanoparticles
undergo charge-carrier photogeneration and rapid recombina-
tion in a duration less than 10 ps. This short lifetime results
from the dominance of charge-carrier diffusion and surface
recombination within the nanoparticles—as the nanoparticle
diameter is much less than the charge-carrier diffusion length
and this leads to an increased contribution from surface recom-
bination states.24 A pump-probe scan of the Si crystalline
material, shown in Fig. 2 as a dashed red line, exhibits a
much longer recombination time in comparison to that of the
Si nanoparticles. Pump-probe scans of the Si nanoparticles
are also carried out with applied bias voltages (not shown),
and it is found that charge-carrier drift resulting from the applied
bias fields has little contribution to the observed optical activity.
The relatively low signal levels seen here for the Si nanoparticle

Fig. 1 Cross-sectional views of (a) the traditional a-Si photoinjection
device and (b) the nanocomposite high-aspect-ratio photoinjection
(HARP) device with embedded simulations. The simulations show
the horizontal dielectrophoresis force in the actuation region as a
grayscale map. (c) Representative cross section of the simulations
at 40 μm of the way between the bottom electrode and top electrode.
The results are shown as a normalized horizontal force,
Fx ðx; y ¼ 40 μmÞ, as a function of the horizontal position, x , at the
vertical position, y ¼ 40 μm. Note that x ¼ 0 corresponds to the
center of the illuminating beam.
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and crystalline materials are a result of the indirect bandgap of
Si. These considerations on optoelectronic conversion efficiency
are addressed in the following section.

It is worth noting that the proposed nanocomposite HARP
device benefits from enhanced control of diffusion in the nano-
composite material compared to devices based on crystalline,
polycrystalline, or amorphous semiconductors. In terms of
charge-carrier diffusion, the nanocomposite material yields neg-
ligible migration of electrons and holes between neighboring
nanoparticles through the PDMS host. Thus, the illuminating
beam can accurately define the region of optical activity, i.e.,
it can accurately define the size and location of the “virtual elec-
trode” that is applied for microdroplet actuation. In terms of
thermal diffusion, the nanocomposite material can localize heat-
ing in regions that are distant from the actuated microdroplet and
thereby minimize the effects of evaporation. This comes about
from (i) the small thermal diffusivity of the nanocomposite
material which has restricted heat diffusion through the insula-
tive PDMS host, and (ii) the long-range actuation force that can
be induced by the nanocomposite HARP device which allows
the illuminating beam to be applied far from the microdroplet of
interest. The control of thermal diffusion is particularly impor-
tant given the potential for a large difference between the illu-
minating beam photon energy and the semiconductor bandgap,
which can lead to significant excess energy dissipation through
phonon emission. These considerations on thermal diffusion are
addressed in the following section.

A SolidWorks schematic of the full experimental setup of the
nanocomposite HARP device is shown in Fig. 3. A focused
650 nm cw laser beam is directed onto the nanocomposite
HARP device through an adjustable mirror that allows for
full 2-D illumination of the nanocomposite HARP device. To
record the microdroplet motion in the experiment, an observa-
tion mirror and imaging camera are used.

3 Device Operation
The proof-of-principle operation of the nanocomposite HARP
device with Si nanoparticles is shown in the results of Fig. 4.
In this nominal experiment, the nanocomposite HARP device
is operated with a deionized water microdroplet that is
500 μm in diameter and 53 nL in volume. The applied DC volt-
age is Vb ¼ 2.5 kV. The nanocomposite HARP device is

illuminated by a cw 650-nm laser having 5 mW of power
with a spot size diameter of approximately 200 μm. In the initial
position of Fig. 4(a), the microdroplet is unilluminated. The
focused laser beam is then applied to a spot 460 μm away
from the initial microdroplet position. This illumination
makes the microdroplet move toward the illuminated spot
and the microdroplet ultimately comes to rest at the illuminated
position. This motion can be seen as a transition to the final state
of the microdroplet seen in Fig. 4(b).

A more intricate merging process is also performed and the
results from this experiment are shown in Fig. 5. In this nominal
experiment, the nanocomposite HARP device with Si nanopar-
ticles is operated with two deionized water microdroplets that
are 900 μm in diameter and 170 nL in volume. The applied
DC voltage is Vb ¼ 1 kV. The nanocomposite HARP device
is illuminated by the same 650 nm, 5 mW focused cw laser
beam. In the initial position of Fig. 5(a), both microdroplets
are unilluminated and there is an initial 2460 μm horizontal dis-
tance between the microdroplets. The focused laser beam is then
applied to cause the left microdroplet to be actuated toward the
right microdroplet. An intermediate position for the motion is
shown in Fig. 5(b). Here, the left microdroplet has begun its
motion toward the right microdroplet and the microdroplets
are positioned with 1620 μm horizontal spacing between
them. A second intermediate position is shown in Fig. 5(c)
where the microdroplets now have only a 1230 μm horizontal
separation between them. The final state is shown in Fig. 5(d)
with the microdroplets having been merged. The merged micro-
droplet has a diameter of 1260 μm and a volume of 340 nL,
and it has settled into a stable state with a circular profile.
The device operates with microdroplet speeds up to approxi-
mately 50 μm∕s.

To refine the operation of the nanocomposite HARP device,
it is necessary to address the poor optoelectronic conversion
efficiency of the Si nanoparticles. The optoelectronic response

Fig. 2 Experimental pump-probe results are shown for Si
crystalline material, Si nanoparticles, InP crystalline material, and
InP nanoparticles.

Fig. 3 SolidWorks schematic of the complete experimental setup for
the nanocomposite HARP device.

Fig. 4 The experimental operation of the Si-based nanocomposite
HARP device is shown. The device is operated with a 500-μm diam-
eter microdroplet of 53 nL volume with 650 nm continuous wave (cw)
laser illumination. The microdroplet, labeled as MD, is actuated a dis-
tance of 460 μm from (a) the initial position (unilluminated) to (b) the
final position (illuminated).
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of Si, an indirect bandgap semiconductor, has a low optoelec-
tronic conversion efficiency because phonon-assisted transi-
tions are needed to create electron-hole pairs. In contrast, the
optoelectronic response of InP, being a direct bandgap semicon-
ductor, facilitates a nearly 100% optoelectronic conversion effi-
ciency of photons to electron-hole pairs. The dissimilar
optoelectronic conversion efficiencies of InP and Si are seen
by way of the data presented in Fig. 2, which includes
pump-probe scans for the InP nanoparticle (shown as the
solid blue line) and crystalline (shown as the dashed blue
line) materials. The data of Fig. 2 show an increased carrier
density and improved signal level for InP over that of Si by
approximately 2.5 times. The benefits of InP are also seen
in terms of decreased thermal energy dissipation. When InP
(with a 1.3 eV bandgap) and Si (with a 1.1 eV bandgap) are
illuminated with 650 nm photons having a 2.0 eV photon
energy, the photogenerated electrons in InP have a lower excess
energy, which is 2.0 − 1.3 eV ¼ 0.7 eV, than that of Si, which
is 2.0 − 1.1 eV ¼ 0.9 eV. This leads to a decrease in wasted
thermal energy due to phonon emission. For the 200 μm illu-
mination spot size used with the Si and InP systems, the applied
(optical) power per unit area of 160 mW∕mm2 leads to dissi-
pated (heat) powers per unit area of approximately 72 and
56 mW∕mm2, respectively. (If necessary, such heating can
be made negligible by matching the photon energy of the illu-
minating beam to the bandgap energy of the semiconductor in
the nanocomposite).

With the advantages of InP in mind, the nanocomposite
HARP device is modified to use InP nanoparticles instead of
Si nanoparticles. With a nanocomposite HARP device based
on InP nanoparticles, the device can be optimized for operation
with microdroplets containing biological fluids, which are typ-
ically less polarizable and more difficult to actuate compared to
deionized water microdroplets. The material for the semicon-
ductor nanoparticles is selected to be InP as it gives an increased
optoelectronic conversion efficiency, and the volumetric ratio of
the nanoparticle-polymer ratio of the nanocomposite material is
selected to tune/increase the optical penetration depth to the
desired high-aspect-ratio profile. Note that such a tunability
for the optical penetration depth is not facilitated by standard
semiconductor thin-film deposition techniques.

Operation of the nanocomposite HARP device with InP
nanoparticles is shown in the experimental results of Fig. 6.
In this experiment, the device is operated with a microdroplet
of 25% concentration egg albumin protein. The microdroplet
size, 1100 μm in diameter and 260 nL in volume, is comparable
to that used with the Si nanocomposite HARP device. The nano-
composite HARP device is illuminated by a 650 nm, 5 mW cw
laser beam. An AC voltage of Vb ¼ 610Vrms is used in this
experiment with an optimal actuation frequency of 470 Hz to
facilitate easier microdroplet actuation with the biological pro-
tein. (Experimental25 and theoretical26 analyses for the optimal
AC actuation frequencies are shown elsewhere.) In the initial
position of Fig. 6(a), the microdroplet is unilluminated. The
focused laser beam is then applied to a spot that is 2640 μm
away from the microdroplet’s initial position. This illumination
makes the microdroplet move toward the illuminated spot at a
speed of up to approximately 100 μm∕s, and the microdroplet
ultimately comes to rest in the illuminated position. This motion
can be seen as a transition to the final microdroplet position in
Fig. 6(b).

4 Conclusion
The development and ultimate operation of a nanocomposite
HARP device was presented in this work. By making use of
a nanocomposite material as the optically active layer, the device
achieved a large optical penetration depth with a high aspect
ratio which provided strong actuation forces far away from
the point of photoinjection. As the nanocomposite material
can be continuously illuminated, the position of the microdrop-
lets can be controlled to diffraction limited resolution. The nano-
composite HARP device showed great potential for future on-
chip applications.
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