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Advances in microelectromechanical systems (MEMS) continue to empower researchers with the

ability to sense and actuate at the micro scale. Thermally driven MEMS components are often used

for their rapid response and ability to apply relatively high forces. However, thermally driven

MEMS often have high power consumption and require physical wiring to the device. This work

demonstrates a basis for designing light-powered MEMS with a wavelength specific response. This

is accomplished by patterning surface regions with a thin film containing gold nanoparticles that

are tuned to have an absorption peak at a particular wavelength. The heating behavior of these

patterned surfaces is selected by the wavelength of laser directed at the sample. This method also

eliminates the need for wires to power a device. The results demonstrate that gold nanoparticle

films are effective wavelength-selective absorbers. This “hybrid” of infrared absorbent gold

nanoparticles and MEMS fabrication technology has potential applications in light-actuated

switches and other mechanical structures that must bend at specific regions. Deposition methods and

surface chemistry will be integrated with three-dimensional MEMS structures in the next phase of

this work. The long-term goal of this project is a system of light-powered microactuators for

exploring cellular responses to mechanical stimuli, increasing our fundamental understanding of

tissue response to everyday mechanical stresses at the molecular level. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861603]

Development of microscale actuating technologies has

been critical for interacting with natural components at the

cellular level.1,2 Actuation, driven by differential thermal

expansion, has been used to create large deflections with

high force relative to electrostatically driven systems.3–5

However, many thermally based techniques require a physi-

cal connection for power and operate outside the temperature

range conducive for biological studies and medical applica-

tions. Stimulating devices with laser light offer a versatile

wireless medium for powering and controlling a microscale

element. This work demonstrates the basis for designing

light-powered microelectromechanical system (MEMS) with

wavelength specific response.

This project builds on recent developments in gold

nanoparticles (GNPs) that resonate within the 650–1050 nm

biological “optical window” where tissue is not strongly ab-

sorbent.6 In a previous investigation, a thin-film polymer

with suspended GNPs increased near infrared (nIR) absorp-

tion compared to a nanoparticle-free surface at a single

wavelength.7 This current work consists of surface heating

trials with two wavelengths, 808 nm and 915 nm, of tuned

GNPs in order to characterize and compare the heating of

wavelength matched and non-matched GNPs (Figure 1).

A meandering thin-film platinum resistor is developed

to monitor the behavior of deposited nanoparticles under

near IR stimulation. The hybrid optothermal test structures

are created by coating the resistor with the GNP film.

Platinum is used as the surface layer because of its biocom-

patibility, functionality in high-displacement MEMS actua-

tors, and resistance change when heated.8

Gold nanoparticles with precisely controlled nIR absorp-

tion are synthesized by one-step reaction of chloroauric acid

and sodium thiosulfate in the presence of a cellulose mem-

brane. The NIR absorption wavelengths and average particle

size increase with increasing molar ratio of HAuCl4/

Na2S2O3. The gold salt used is hydrogen tetrachloroaurate

(III) trihydrate 99.99% (HAuCl4�3H2O) purchased from Alfa

Aesar. A 1.72 mM solution is prepared with DI water and

protected from light with aluminum foil. A 32.6 ml volume

of the 1.72 mM gold salt solution is combined with 7.4 ml of

a 3 mM sodium thiosulfate pentahydrate solution

(Na2S2O3�5H2O; purchased from Sigma-Aldrich) to perform

the reactions for synthesizing the nIR GNPs.

A 12 kDa Molecular Weight Cut-Off (MWCO) mem-

brane (Flat Width¼ 43 mm) from Sigma-Aldrich is cut to

FIG. 1. A concept drawing of a patterned gold nanoparticle film that will

show a different response to a particular wavelength. Patterned areas may

heat more strongly to a specific wavelength of light.
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the desired length (150 mm for 770 nm GNPs and 100 mm

for 940 mm GNPs), then one end of the tube is closed with a

weighted dialysis clip and filled with the gold salt solution.

The Na2S2O3 solution is then added into the tube via pipette

followed by mixing of the solution within the membrane by

manually stirring with the tip of the pipette and aspirating

with the pipette pump. Subsequently, air is removed from

the tubing and the other end of the membrane is clipped. The

sealed tube is placed in an 8 l beaker filled with 7 L of DI

water with a stir bar at the bottom of the beaker rotating at

200 rpm and allowed to react for 1 h. Particle batches, com-

posed of various pseudo-spheres and anisotropic nanostruc-

tures, are dispersed in 8% PVP by weight solution to make

the polymer GNP mixture used for this experiment with the

spectra seen in Figure 2.

The planar resistors were fabricated with a single mask

cleanroom fabrication sequence. First, photoresist was de-

posited and patterned to define the metal features on the sur-

face of a 500 lm thick borosilicate float glass wafer. A

200 nm layer of platinum was deposited by sputtering after a

brief deposition of titanium to aid adhesion. The serpentine

metal trace in a 0.5 cm square was defined via liftoff of the

photoresist.

Spin coating is used to disperse the polyvinylpyrroli-

done (PVP) GNP solution on the substrates. A pipette is used

to place a 35 ll droplet on the center of a device, and then

the solution is dispersed by spinning at 4000 rpm for 10 s.

The device is then baked on a 115 �C hotplate for 2 min to

stabilize the film. Typical thickness of a PVP GNP film is

approximately 100 lm. At this thickness, not all particles are

flat on the surface and may be at varying height and orienta-

tion, as observed in Figure 3.

In the previous experiments, nanoparticles suspended in

PVP solution were patterned by spinning the solution on

wafers through a peelable polymer stencil,9 as the final step

before the devices are released from the substrate. The sten-

cils can be patterned in registration with microfeatures al-

ready on the wafer. Spun-on PVP-dispersed nanoplate films

remain plasmonically active with a stable peak absorbance

as long as the concentration of particles in the solution is not

too dense, �50 nm, to avoid shifting the resonance peak due

to the particles interfering with each other in the dried film.10

In preliminary work, polymer removal did not pull off previ-

ously deposited nanoplate coatings, suggesting that it may be

possible to pattern a second layer. A SEM image of a 100

OD GNP film with 8% PVP can be seen in Figure 3. For this

work, devices are simply masked over the bonding pads and

exposed over the entire central temperature sensing region.

This experiment is performed with a two-laser setup.

Surface particles are excited by a 4 W diode laser for two-

minute intervals; first the 808 nm laser is activated for 2 min,

followed by a two-minute cool down, and then the 915 nm

laser for 2 min and a corresponding two-minute cool down.

The voltage across the fabricated resistor is extracted from a

voltage divider setup and is conditioned by an AD620 ampli-

fier with 50� (adjustable) gain. The resistance change corre-

sponds to the resistance-temperature relation

DR ¼ R0ðaDTÞ: (1)

The resistance change (DR) is defined by the initial

value (R0) and change in temperature (DT). The thermal

coefficient of resistance (a) is a material constant. In a metal

(a¼ 0.0013 C�1 for thin-film platinum11,12) the resistance

will increase with applied thermal energy. This change is

converted into a temperature change and used for analysis. A

schematic of the setup used is seen in Figure 4.

The sample set used for this experiment consists of three

sets of five devices. The first is a set of bare resistors to pro-

vide a base level heating comparison. The absorbance spec-

trum of an 8% PVP film without GNPs is measured to

demonstrate that a PVP film without GNPs does not add to

the absorption spectra. Next, five surfaces with a film of

770 nm GNPs and five surfaces with 940 nm GNPs were cre-

ated. Trials with both laser wavelengths are performed across

all devices. The data are averaged for each wavelength set

and plotted on the same axis for comparison.
FIG. 2. The absorption spectrum of the two batches of GNPs used for this

experiment.

FIG. 3. Drawing of the test thermometer surface used for this work and a

SEM image of a GNP film.
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The data are transformed into temperature data through

the relation in Eq. (1) and is plotted against time in Figures

5(a) and 5(b). The time sequence has been separated into

two portions, where (a) represents the trial time for the

808 nm laser, and (b) represents the cycle with the 915 nm

laser. The two are collected consecutively, but the overall 8

min timing sequence has been divided between Figures 5(a)

and 5(b) to more clearly illustrate the effect of each laser.

The blue trace represents the bare sample in each plot. The

red and green traces show the response of the 770 nm and

940 nm GNPs, respectively.

The plots show that the type of film deposited on a sur-

face will determine the heating profile. In each case, it is

seen that the GNP film with the highest absorption will heat

the most under a specific laser source. Figure 5(a) shows the

trials with the 808 nm laser, and as expected the 770 nm

GNP film performed the best. The same idea is expressed in

(b), where the 940 nm GNP film was most responsive to the

915 nm laser. The particles still show enhanced absorption in

both cases, although the energy difference between the films

is not as large as either wavelength-matched film to the bare

surface. This predictable energy difference is further evi-

denced by the small standard deviation of each data set,

which is displayed in the lower-left of the plot in (a) and (b).

Figure 5(c) shows the net percent change that each parti-

cle showed compared to the bare surface. This measure was

chosen to normalize the data against the heating of a bare

surface, thereby, yielding a comparable metric between the

laser wavelengths applied, which excludes influences from

the absorption of platinum and differences in the focal spots

of the two lasers. The wavelength selective nature of the two

GNP films is clearly seen in this format. This is important

for demonstrating that a difference can be obtained by pat-

terning a particle film, which was the goal of this work.

The 770 nm and 940 nm peak solutions were diluted to

have an optical density (OD) of 25 and 100, respectively.

The OD is a measure of absorbance of a solution. The two

solutions are diluted to different levels to more clearly dem-

onstrate the difference in peak absorption between the sam-

ples. At the same OD, the 770 nm peak particles showed

greater heating performance under either applied laser

wavelength, although with a smaller gain at the non-

optimum peak. By adjusting the OD, it was possible to

achieve the temperature difference reversal shown in the

results in Figure 5.

The data clearly show an increased response to the opti-

mum wavelength by the particle films, displayed in red and

green. The bare surface, shown in blue in Figures 5(a) and

5(b), is less responsive to all light, as expected. However, the

substrate does have some absorption at these wavelengths,

evidenced by the heating that occurs. Higher selectivity

could be achieved by using a non-infrared absorbing temper-

ature sensitive surface. In that case, the only IR-absorbing

FIG. 4. Diagram of the setup for collecting temperature data from the

samples.

FIG. 5. Temperature increase vs. Time for GNP-coated and control surfaces

illuminated by (a) 808 nm and (b) 915 nm laser light. (c) A normalized com-

parison of the temperature increase of each film type.
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part of the device would be the nanoparticles, so differential

thermal expansion could occur at lower laser doses.

A future goal is to move the red and green traces farther

apart in Figure 5 by narrowing the absorption peak of the

film through a combination of more uniform synthesis condi-

tions and better size separation techniques, aiming for a

�10 �C difference or greater. Alternatively, there are many

commercially available gold nanorods and other anisotropic

gold or silver nanoparticles with sharp absorption peaks that

increase selectivity of the response.13–16 Also, adjusting the

maximum temperature is critical for biomedical applications,

where these films would need to operate at relatively low

temperatures (<40 �C) and laser power (<1.2 kJ/cm2 (Ref.

17 and 18) at wavelengths that tissue is relatively transmis-

sive) for biocompatibility. The temperature sensitivity can

be controlled by adjusting the laser power targeted at the de-

vice since particle heating is linear with respect to the energy

input.19

Coatings described in this work could actuate MEMS

and nanomechanical systems (NEMS) under illumination,

even achieving fast cyclic actuation if different narrow-band

wavelength selective coatings are patterned on different parts

of the device. Discoveries in this work will feed forward to

new applications in implanted photo-actuated mechanical

devices. Because infrared light can pass through tissue, these

devices could potentially trigger cardiac muscle or other

cells that depend on an orderly mechanical impulse—with-

out any batteries or wires inside the body. The future goals

of this work include development of freestanding cyclic

microactuators that can interact with cardiac, bone, and mus-

cle cells, powered and controlled by tissue-permeable infra-

red light.
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