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Visible-light driven Si–Au micromotors in water
and organic solvents†
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We report the fabrication of tadpole-shaped Si–Au micromotors

using glancing angle deposition. These micromotors are activated

by visible light and can move in either deionized water or organic

solvents without the addition of chemical fuels. By controlling the

light intensity, the velocity of the micromotors can be modulated

and the motion can be switched on and off reversibly. Gas chro-

matographic measurements and buffered oxide etch (BOE) experi-

ments show that the mechanism of propulsion is self-electrophor-

esis modulated by the photoconductivity of the amorphous silicon

segment. The direction of motion of the microswimmers can also

be controlled by applying an external magnetic field if a ferro-

magnetic Ni layer is added in the fabrication process.

Nano/micromotors are nano/microscale devices that can
locally convert environmental energy into mechanical
energy.1–3 Since the first catalytic nanomotors were proposed
by Paxton et al. in 2004,4 many different types of energy
sources including chemical,4–7 magnetic,8–13 electrical,14–16

acoustic,17–21 light22–29 and thermal30,31 have been employed
to power nano/micromotors. The corresponding propulsion
mechanisms for these nano/micromotors have also been
determined.4,20,30,32–34 Compared to other types of energy
input for microswimmer propulsion, light energy is biocompa-
tible, highly efficient, and easily switched on and off. Two
basic principles of light energy conversion for nano/micromo-
tors have been demonstrated, namely, photothermal30,35–38

and photoelectric effects.22,24,25,39 In the case of photothermal
nano/micromotors, near infrared illumination leads to a
thermal gradient that propels the particles, and gold nano-
particles are commonly employed. For those propelled by the

photoelectric effect, semiconductor materials in which elec-
tron–hole pairs are generated are commonly employed. The
photochemically generated electrons and holes drive chemical
reactions, e.g. hydrogen peroxide decomposition, resulting in
self-propulsion.23–26,39,40 For light-powered nano/micromotors,
the wavelength of light and the tolerance of different chemical
environments are two key challenges for analytical, biomedical
and environmental applications. Most of the light-driven
motors reported to date require either ultraviolet (UV)
light24,25 or added toxic chemicals (such as hydrogen peroxide
or aqueous halogens)22 as fuels and thus are not appropriate
for applications in living cells or for in vivo applications such
as drug delivery. Recently, several studies have been carried
out by our group27 and by Dong et al.29 with the goal of
expanding the light wavelength to the visible and tissue-trans-
parent near-infrared region of the spectrum. Narrow band gap
semiconductor materials including Cu2O

27 and BiOI27,29 have
been used. These visible-light-driven nano/micromotors have
been studied in low concentrations of aqueous hydrogen per-
oxide solutions and in deionized (DI) water. In addition to
aqueous solutions, organic solvents are also widely used and
are important in environmental cleaning and in biomedical
diagnostics.41,42 In addition, the two aforementioned visible-
light-driven nano/micromotors are Janus microspheres. Thus,
in order to expand the utility of synthetic micromotors, it is
important to develop microrod-based nano/micromotors that
can absorb visible and near-infrared light for propulsion in
various media.

In order to absorb light at longer wavelengths, narrow band
gap semiconductor materials are needed. Silicon is the most
widely used semiconductor in solar cells, integrated circuits
and semiconductor devices,43,44 and it absorbs both visible
and near-infrared light. In addition, the conduction band of
silicon is sufficiently negative to decompose water or protic
organic solvents into hydrogen. Esplandiu et al.45 recently
reported a micropump consisting of Pt patches on a silicon
substrate, in which electro-osmotic flow is driven photochemi-
cally. In order to make autonomous micromotors that operate
on the same principle, we synthesized Si–Au microrods using
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glancing angle deposition. We report here visible light-driven
microscale Si–Au motors that display autonomous motion
both in DI water and organic solvents without the addition of
chemical fuels. By controlling the light intensity, the velocity
of the Si–Au micromotors can be tuned and the motion can be
quickly started and stopped by switching the light on and off.

Si nano/microstructures can be synthesized by a number of
methods including lithography, chemical vapor deposition
and template-growth methods.46–50 However, some of these
methods offer poor control of particle size,47 and others
require expensive instrumentation or complicated fabrication
procedures.46,48,49 Glancing angle deposition (GAD) is a rela-
tively simple technique that enables complex microstructures
to be fabricated. By controlling the parameters of deposition,
e.g. the deposition angle, power and time, the size and shape
of the micromotors can be easily modified, and multilayered
structures can be realized from different materials. The fabri-
cation of Si–Au microrods by GAD is shown schematically in
Fig. 1(a).51–53 Polystyrene microspheres were first drop-cast
onto a Si wafer and dried to form a monolayer. Then a 3 μm
thick layer of Si was deposited onto the polystyrene micro-
spheres at an angle of 5° from the surface normal. Due to the
close packing of the polystyrene microspheres, tapered Si
microrods were obtained. Au was then evaporated onto the Si
rods. Finally, the micromotors were released in DI water or
organic solvents by sonication (see the Materials and methods
section in the ESI†). Fig. 1(b) shows a scanning electron micro-
scope (SEM) image of the Si–Au micromotors, which have a
conical shape with a length of approximately 5 μm. Energy dis-
persive X-ray spectroscopy (EDS) mapping shown in Fig. 1(c)
indicates that the polystyrene–Si–Au micromotors contain only
C, Si, and Au, as expected. Fig. 1(d) shows the UV-visible absor-
bance spectrum of a 10 nm thick Si film on a glass substrate.
As can be seen from the figure, the Si (which is amorphous
according to X-ray diffraction data as shown in Fig. S-1†)
begins to absorb in the near-infrared at wavelengths shorter
than 1000 nm and is strongly absorbing throughout the visible
part of the spectrum.

When the Si–Au micromotors were suspended in DI water,
they exhibited slow, random movement as shown in Fig. 2(a).

However, when they were illuminated by a mercury lamp with
a 380 nm cut-off filter, fast and autonomous motion was
observed (Fig. 2(a) and Video S-1†). The Si–Au micromotors
move with the Si end leading at a speed of up to 5 μm s−1 at a
light intensity of 13.6 mW mm−2. After illumination for about
10 min, the axial propulsion of the motors was no longer
observable and they underwent random motion only. In order
to understand the visible light propulsion behaviour, the rela-
tive contributions of two factors were investigated: the light
intensity and the composition of the electrolyte solution. We
varied the light intensity from 13.6 mW mm−2 to 4.3 mW
mm−2 using neutral density filters and observed that the
initial speed was proportional to the light intensity, suggesting
a light-limited propulsion mechanism (Fig. 2(b)). In addition,
we measured the velocity of Si–Au micromotors in different
solvents. We observed that the micromotors can move in
DI water, ethanol, methanol, isopropanol, and propylene
carbonate (Fig. 2c and Video S-2†). Based on these results, we
conclude that the light intensity and electrolyte solution both
affect the speed of the Si–Au micromotors. It was also clear
that the micromotors move in DI water and in polar organic
solvents without added fuels such as hydrogen peroxide or
halogens.

In order to understand the propulsion mechanism of the
Si–Au micromotors, several experiments were performed. First,
the micromotors were dispersed in DI water and irradiated by
visible light for 50 min. After that, the motion of the micromo-
tors at a light intensity of 13.6 mW mm−2 was evaluated under
a microscope. Si–Au micromotors that had been exposed to
light for 50 min showed only Brownian motion (Fig. 3(a) and
Video S-3†). This experiment seems to rule out a photo-
thermophoretic mechanism, since the Si–Au micromotors were
not visibly changed and still absorbed light. Alternatively, it is

Fig. 1 Fabrication and characterization of Si–Au microparticles: (a)
schematic of the GAD fabrication process. (b) SEM image. (c) EDS
images showing the C, Au and Si elemental distribution on a Si–Au
micromotor. (d) UV-Vis absorbance spectrum of a 10 nm thick Si film on
a glass slide.

Fig. 2 (a) Trajectories of the Si–Au micromotors in water, from left to
right, without illumination (Δt = 3 s), and with illumination (Δt = 3 s) at a
light intensity of 13.6 mW mm−2. (b) Speeds of the Si–Au micromotors
under different light intensities in DI water. (c) Speeds of the Si–Au
micromotors in different solvents, illuminated at 13.6 mW mm−2.
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possible that the surface of Si was oxidized to SiO2 after pro-
longed irradiation and this blocked the propulsion by creating
an insulating surface layer. In order to test this hypothesis,
another experiment was conducted in which light-treated
Si–Au micromotors were collected and etched with 10% buffered
oxide etch (BOE) solution for one minute, a procedure that is
used to etch the native oxide layer from silicon wafers.54,55

After etching, the micromotors were washed with DI water
several times and re-suspended in DI water. We observed, as
shown in Fig. 3(b), that this treatment restored the powered
movement under visible light illumination (Video S-3†). Based
on these results, we conclude that the Si surface is oxidized
into SiO2 under illumination. In order to balance this oxi-
dation reaction, a reduction reaction must also occur. We pos-
tulated that water was reduced to hydrogen in a bipolar electro-
chemical reaction. This hypothesis was supported by the detec-
tion of hydrogen by gas chromatography (GC) from micro-
motors irradiated by visible light for 1 h in water. No hydrogen
was detected in the absence of Si–Au micromotors or without
illumination. The simultaneous occurrence of oxidation and
reduction at the surface of the micromotors suggests a light-
driven bipolar electrophoretic mechanism for propulsion. The
reactions on the two ends are depicted in Fig. 3(d): at the Si
end, Si is oxidized to SiO2, and protons are generated. Protons
are consumed on the Au side in the catalytic reaction that pro-
duces hydrogen. The resulting proton gradient results in an

electric field that exerts a force on the particles, which typically
have a negative surface charge at neutral pH, propelling them
towards the Si end. The catalytic reactions under visible light
are given by eqn (1) and (2):

On the Si side:

Siþ 2H2O ! SiO2 þ 4Hþ þ 4e� ð1Þ

On the Au side:

4Hþ þ 4e� ! 2H2 ð2Þ
It is also important to note that the amorphous Si segment

of the motors is likely to be insulating in the dark and photo-
conductive. Amorphous Si typically has a mobility gap of
about 1.7 eV and is photoconductive in visible light. Thus,
when the micromotors are irradiated with visible light, the
bipolar electrochemical reaction accelerates the surface oxi-
dation of Si and the reduction of water at the Au surface. The
propulsion mechanism in organic solvents is similar to that in
DI water, presumably because of the presence of trace water
that can support the bipolar electrochemical reaction. It
should be noted from Fig. 2(c) that the speed in organic sol-
vents is significantly slower than in water. This can be attribu-
ted to the slow kinetics of the anode and cathode reactions in
organic solvents, and also to the lower activity of protons. For
electrophoretically driven nano/micromotors, the velocity is
expected to decrease in salt solutions – a definitive method for
differentiating self-electrophoresis from thermophoresis and
other propulsion mechanisms.56,57 The Si–Au micromotors
exhibited only Brownian motion when illuminated in DI water
in the presence of 0.5 mM NaNO3 as shown in Fig. 3(c) and
Video S-3,† which supports the proposed electrophoretic pro-
pulsion mechanism.

The Si–Au micromotors show excellent external controllabil-
ity. This was demonstrated by rapid start/stop motion using
light switching (Video S-4†). Fig. 3(e) illustrates that the micro-
motors exhibit only slow random motion in the absence of
light, but immediately start to move when the light is switched
on. This kind of fast response and on/off switching can be
useful in a range of applications, as well as in fundamental
studies of phototaxis and collective phenomena. In addition,
the ability to steer the micromotors is useful. By sputtering a
10 nm thick Ni layer on the polystyrene microparticles, as illus-
trated in Fig. S-2(a),† the Si–Au micromotors were steered by
an external magnetic field, as shown in Fig. S-2(b) and Video
S-5.†

In conclusion, Si–Au micromotors were synthesized by glan-
cing angle deposition. Due to the narrow bandgap and rela-
tively negative conduction band edge potential of Si, the micro-
motors can be activated by visible light, reducing water to
hydrogen and oxidizing the Si surface to SiO2. Their speed is
modulated by changing the light intensity. GC measurements
and BOE experiments supported a light-induced self-electro-
phoretic propulsion mechanism. Additionally, the movement
could be steered by an external magnetic field with an
additional Ni layer on the polystyrene microparticles. The key

Fig. 3 (a) The trajectories of the Si–Au micromotors in DI water after
irradiation with a 100 mW cm−2 visible light for 50 minutes and observed
at a light intensity of 13.6 mW mm−2 on an optical microscope(Δt = 8 s).
(b) Trajectories after etching in 10% BOE solution; light intensity was
13.6 mW mm−2 (Δt = 8 s). (c) Trajectories in DI water with 0.5 mM
NaNO3; light intensity was 13.6 mW mm−2 (Δt = 8 s). (d) Propulsion
mechanism of the Si–Au micromotors activated by visible light in DI
water. (e) Time-lapse snapshots showing trajectories of Si–Au micromo-
tors in DI water during light switching.

Communication Nanoscale

11436 | Nanoscale, 2017, 9, 11434–11438 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 0
2 

A
ug

us
t 2

01
7.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

19
/0

9/
20

17
 1

5:
58

:0
6.

 
View Article Online

http://dx.doi.org/10.1039/c7nr04161f


characteristics of these visible light induced micromotors are
their fuel-free motion in both DI water and organic solvents.
The use of a narrow-gap semiconductor thus extends the
useful wavelength range and solvent environments for
micromotors.
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