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ABSTRACT

Microscopic devices are widely used in optomechanical experiments at the cutting-edge of precision experimental physics. Such devices often
need to have high electrical conductivity but low reflectivity at optical wavelengths, which can be competing requirements for many commonly
available coatings. In this article, we present a technique to electroplate platinum with a highly convoluted surface on a 475x500 x 10 ym”®
silicon/gold cantilever, preserving its electrical conductivity but reducing its reflectivity in the 0.3-1 ym range by a factor of 100 or greater.
The fact that the deposition can be done post-fabrication without damaging delicate structures makes this technique of interest to a potentially

large range of experimental applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0271746

I. INTRODUCTION

Optomechanical experiments employ or directly study the
interaction of light with matter and cover a broad range of regimes,
from sub-wavelength devices to kilometer scale, and often aspire
to reach or surpass quantum limits."” Optical fields are generally
required to interact with the mechanical systems of interest in very
specific ways, and in many cases, the requirement of controlling and
limiting stray light arises.”

Optical tweezers constitute a class of optomechanical tech-
niques that use tightly focused laser beams to trap, control, and
isolate a test system from its environment.® The present work is
concerned with an experiment levitating ~10 um diameter silica
microspheres (MSs) in vacuum. Figure 1 illustrates the geome-
try of the experiment. Once levitated, the MSs are used as test
masses to search for deviations from Newtonian gravity’ at length
scales of a few ym. This requires bringing a source-mass, a density-
patterned “attractor,” close to a levitated MS. As shown in Fig. 1,
another microfabricated device, a stationary “shield,” is placed in
between the attractor and MS, for the purposes of shielding the lat-
ter from stray electrical fields and gradients sourced by the former
(even though the attractor is coated with ~100 nm of gold, patch
potentials on the gold surface can interact with residual multipole
moments on the MS, creating forces orders of magnitude stronger
than the gravitational signal we seek to measure). The attractor

(475 x 500 x 10 ym3 , X X y x z) consists of a cantilever made out
of silicon and gold. Various steps involved in the fabrication of the
attractor are described in Ref. 8. As the attractor moves with recip-
rocating motion along y, the contrast between the density of silicon,
pg» and thatof gold, p,  ~ 8 - pg;, results in a modulation of the force
on the MS, due to gravity or gravity-like interactions. The modula-
tion is then sensed by the deflection of the light field scattered off the
levitated MS in the forward direction and imaged on a segmented
photodetector. In the experiment, the surface of the attractor is posi-
tioned ~10 ym away from the optical axis of the trapping laser field
(A = 1064 nm), which has a waist of 2wy ~ 7 ym. This results in
a distance of ~5um between the surface of a 10 ym diameter MS
and the surface of the attractor. While great care is taken to ensure
good spatial quality of the Gaussian beam in the trapping region,
and the shield is also meant to hide the reciprocating attractor from
the trapping light, some residual background to the force measure-
ment results from stray reflections of the trapping beam scattering
off the attractor and being detected on the photodetector. Without
the shield, it is estimated that ¢ (100 ppm) of the (assumed perfectly
Gaussian) trap beam would reach the attractor.

A further complication arises from the fact that, as fabricated,
the cantilevers have a non-uniform surface topography, presumably
due to imperfect chemical mechanical polishing after gold was elec-
trochemically grown into trenches etched into the bulk silicon. As
a result, even after the attractor is sputter-coated with ~100 nm of
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FIG. 1. Geometry of experiment (not drawn to scale), with some important compo-
nents and dimensions annotated, along with the coordinate system. This graphic
was rendered with Blender® whose ray-tracing does not necessarily reproduce the
Mie-scattering regime of the trap.

gold (which has an optical depth of ~30 nm at A = 1064 nm'"), the
optical contrast between the underlying silicon and gold regions is
not entirely masked. Consequently, the attractor has coincident den-
sity (which sources the signal of the experiment) and reflectivity
(which sources backgrounds to the measurement) variations along
the density modulated y axis.

The technique of electrodeposition of very rough platinum
(“platinum black”) has been known for decades to enhance the con-
ductivity of electrodes and appears well suited to provide a light
absorbent, electrically conductive, conformal coating that is com-
patible with the microscopic properties of the attractors. Extensive
investigations have been carried out in order to evaluate the depen-
dence of the growth under various plating conditions.'! However,
due to the high-aspect-ratio geometry of our devices, these recipes
did not work as is. Here, we present a recipe for performing the
plating on a microscopic device with good uniformity and surface
quality and compare its performance to Acktar LithoBlack,'”" a
commercially available product for stray-light mitigation.

ARTICLE pubs.aip.org/aip/rsi

Il. RESULTS

We used a commercially available plating solution (LabChem
LC186807, 3%H,PtCls, 0.3% Pb(C,H30;)2). While potentiostats
are preferred for precision plating applications, we found that
using a voltage source with a large resistance (100 kQ) in series
with the plating cell offered sufficient control of the current. In
Secs. 1T A-II D, we compare the performance and characteristics
of platinum black coated and Acktar coated cantilevers (the former
coated in-house, while the latter obtained commercially). These are
also summarized in Table I.

A. Coating thickness

A Focused Ton Beam Scanning Electron Microscope (hence-
forth referred to as FIB SEM; the specific model used was the FEI
Helios Nanolab 600i) was used to characterize the thickness of
the deposited coating. A protective layer of carbon (for the plat-
inum black coating) or platinum (for the Acktar coating) was first
deposited, and then, the cross section was milled using an 80 pA
beam current. The nature of the protective layer is chosen to max-
imize contrast with the material under study and has no other
function here. A final “cleaning” cross section cut was performed
at 24 pA. As shown in Fig. 2, the platinum black layer is ~3 ym
thick, while the Acktar layer is ~1.6 ym thick, both in line with the
requirement. In the foreground of Fig. 2(a), the very convoluted,
high surface area of the deposited platinum is evident, presumably
leading to the low reflectivity at optical wavelengths. For compari-
son, the Acktar layer’s morphology is shown in Fig. 2(b) and appears
smoother.

B. Coating uniformity

A known'* issue with electrodeposition on high-aspect-ratio
geometries is that the growth tends to happen at higher rates
around corners where the electric field is higher. This was found
to be the case during initial plating tests, as shown in Fig. 3(a). In
order to mitigate such non-uniform growth, the plating cell was
immersed in a low-power ultrasonic bath (Magnasonic MGUC500,
42 kHz ultrasound frequency, ~25 W delivered to a 600 ml vol-
ume). While ultrasonication was previously used'® to improve the

TABLE I. Summary of requirements and results obtained with two candidate coating options.

Property Requirement Platinum black Acktar
Coating thickness < 5 ym on each side ~3.4 ym ~1.6 ym
Coating conformality Maximally conformal, with deviations After optimized plating setup and Conformal
<1 pm in any of the three Cartesian ion-beam milling, conformal.
axes
Optical reflectivity Best effort, target <1% that of Au- <0.5% ~1%

coated cantilever at A = 1064 nm

Electrical conductivity Best effort, highest possible

Conductive, estimated sheet resis-
tance ~0.2 Q/0

Insulating, estimated sheet
resistance ~2 MQ/0O

Yield without damage Best effort, highest possible for devices

already diced from wafer

With optimized plating setup, ~80%
(n = 5 samples)

~10% (n = 10 samples)
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FIG. 2. Milled cross section showing the thickness of the electrodeposited platinum black (a) and Acktar (b) over similar locations on the cantilever. Relevant features on
the cantilever and the thickness of the deposited layer are indicated. The contrast has been adjusted to best show the relevant features, and the magnification of the two

images is slightly different.

100 um

FIG. 3. Electron micrographs of the electrodeposited platinum black under various conditions and after different processing steps. A DC plating current was used in panel
(a), a combination of ultrasonication and pulsed plating current was used in panel (b), while panel (c) shows the result after ion-beam milling. Note that the contrast has
been adjusted to better show important features, and the magnification varies slightly between images. The scale bars have been added for easier visibility. See the text for
full description.

uniformity of the deposited layer, using a low-power bath and
restricting the duration of sonication to a few minutes were nec-
essary precautionary measures to avoid damaging the 10 ym thick
cantilevers. The deposition rate is known to be very sensitive to
the specific concentration of reagents in the plating solution used.'’
Empirically, the most uniform growth was achieved with a pulsed
current, using a 100 Hz square waveform with 50% duty cycle
and 1 mA amplitude, corresponding to an areal current density of
~200 mA/cm? for the cantilever geometry. The plating proceeded
for ~300 s, suggesting a deposition rate of ~10 nm s~', assumed
uniform.

A comparison between two different plating protocols is shown
in Figs. 3(a) and 3(b). For the device in Fig. 3(a), a DC plating current
was used with no ultrasonication, while Fig. 3(b) shows the result
when using a combination of pulsed plating current and having the
cell immersed in an ultrasonic bath during the plating.

Even after the above improvements to the plating setup, some
slight excess growth in the corners of the cantilever persisted, while
the experiment requires that the geometry of the cantilever be rect-
angular to better than 1 ym in the x-coordinate over the 500 ym
width (y-coordinate) of the device [see Fig. 3(b) for coordinate sys-
tem]. To realize this uniformity, the FIB SEM was used to mill off
excess growth. The relatively light milling species (Gallium) and
the fact that a large volume of material had to be removed (~3 ym
x 500 ym x 15 ym = 22 500 um>) meant that this process took sev-
eral hours, even at the maximum milling current of 65 nA. Cleaning
cuts had to be done at the end of the process at a lower milling cur-
rent of 2.5 nA to reduce curtaining and achieve a smoother finish. A
heavier milling species (e.g., Xe, which is available in certain plasma
focused ion beam setups, such as the FEI Helios Hydra) would con-
siderably speed up the process. The uniformity and surface finish
of the cantilever after ion-beam milling are shown in Fig. 3(c). The
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FIG. 4. Reflectometry data for platinum black- and Acktar-coated cantilevers, nor-
malized to that of a gold-coated cantilever. The measured data points are shown as
light circles, while the solid lines represent the same information smoothed using
a Gaussian kernel for easier visual interpretation.

additional feature seen halfway along the cantilever in Figs. 3(c) and
5(b) [absent in Figs. 3(b) and 5(a)] is a 335 ym long fiducial mark
milled into the cantilever for later optical metrology.

C. Optical reflectivity

Reflectometry measurements were done using a Filmetrics F40,
the results of which are shown in Fig. 4. The reflectivity of each coat-
ing is shown normalized to that of a device coated with 100 nm
of sputtered gold. The devices with additional Acktar or platinum
black coatings exhibit > 100x lower broadband reflectivity in the
0.4-1.1 ym range. Platinum black has slightly better performance
than Acktar, although this may be due to the latter being slightly
thinner (measured to be ~1.6 ym by FIB cross-sectioning), vs the
~3 pm thick platinum black.

In addition, images of the cantilever before and after coat-
ing with platinum black were captured using an optical microscope
and CMOS camera, shown in Figs. 5(a) and 5(b), respectively. The
image of the coated cantilever was acquired with an exposure time
~80x longer than that for the uncoated device. The brightness of
the image qualitatively illustrates the lower reflectivity of the coated
device.

ARTICLE pubs.aip.org/aip/rsi

D. Electrical conductivity

Because of the possibility of electrostatic background to the
measurement, it is desirable for the light-absorbent coating to pre-
serve the surface electrical conductivity of the original sputtered
gold. Both attractor and shield have their gold surface electrically
accessible to set their potentials (in particular, the potential dif-
ference between them). These connections allow for an in situ
measurement of electrical continuity between the two microscopic
devices, when they are brought into mechanical contact with the
help of nanopositioning stages. For reference, the resistance between
the uncoated cantilever and the shield was measured to be ~20 Q,
which is representative of the sheet resistance of sputtered gold.
While the exact area of contact is unknown, the attractor—shield
contact is measured (using a Keithley 2100 multimeter) to have a
resistance of ~10 () in the case of the platinum black coated attrac-
tor and >100 MQ in the case of the Acktar coated attractor. The
sheet resistivity of the Acktar LithoBlack coating is specified® to
be <2 MQ/0, suggesting an aspect ratio of the contact area >50,
which is not unreasonable for the geometry. The same aspect ratio
would suggest a sheet resistivity for the electrochemically deposited
platinum black to be ~0.2 /0.

lll. DISCUSSION

We have demonstrated a method to coat microscale devices
with platinum black to absorb visible and near-IR light. In the pro-
cess, the optical reflectivity relative to gold was reduced by ~100x,
while the surface remained electrically conductive and the device
was not mechanically damaged during the coating process.

This technique may be of interest to other applications in which
stray-light control from micro- or nano-mechanical devices is of
importance and other coating options are not viable.
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