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Electroless Plating of Thin Gold Films Directly onto

Silicon Nitride Thin Films and into Micropores.

Julie C. Whelan, Buddini Iroshika Karawdeniya}, Y.M. Nuwan D.Y. Bandara}, Brian D.

Velleco, Caitlin M. Masterson and Jason R. Dwyer*,

Department of Chemistry, University of Rhode Island, 51 Lower College Road, Kingston, RI,

02881, United States.

ABSTRACT. A method to directly electrolessly plate silicon-rich silicon nitride with thin gold
films was developed and characterized. Films with thicknesses less than 100nm were grown at 3
and 10°C between 0.5 and 3 hours, with mean grain sizes between ~20-30nm. The method is
compatible with plating free-standing ultrathin silicon nitride membranes, and we successfully
plated the interior walls of micropore arrays in 200nm-thick silicon nitride membranes. The
method is thus amenable to coating planar, curved, and line-of-sight-obscured silicon nitride

surfaces.

KEYWORDS. Electroless plating; thin gold films; silicon nitride; micropores; surface enhanced

Raman spectroscopy (SERS); tin sensitization.

Thin gold films have widespread technological utility, from forming conductive elements and
overlayers, to serving as a platform for chemical surface modification by molecular self-
assembly'. For gold films incorporated into conventional micro- and nanofabricated devices,

silicon nitride is an appealing choice for a substrate. It is a standard nanofabrication material,



offering, in addition, favorable inherent properties such as mechanical strength’3, chemical
resistance, and dielectric strength*>. Silicon nitride is thus ubiquitous as a structural and
functional element in nanofabricated devices where it plays a variety of roles® 3%, Its surface
chemistry, however, presents especial challenges given the complex mixture of silicon-, oxygen-,
and nitrogen-bearing surface species®. The nominal surface modification of silicon nitride is
frequently carried out in practice using silane-based modification of a silica layer that may itself
not be well-defined’. Thus, there remains both a need and opportunity to expand the suite of
approaches useful for surface functionalizing silicon nitride directly. Electroless deposition is a
particularly compelling approach to film formation: deposition proceeds from solution allowing
the coating of three-dimensional surfaces, including surfaces hidden from line-of-sight
deposition methods; no electrochemical instrumentation is required; no electrical power must be
supplied nor must the substrate be conductive; there is no need for expensive vacuum deposition
equipment; and a variety of classical physicochemical parameters such as reagent composition,
solution properties such as pH and viscosity, and temperature, are available to tune the film
properties'® !, There is a wealth of familiar approaches for the electroless plating of substrates
such as polymers, for example, but no established prior art for the direct metal-cation-mediated
electroless plating of gold onto silicon nitride'*!. A particularly compelling sequence exists for
the electroless gold plating of poly(vinylpyrrolidone)-coated polycarbonate substrates
(Au/PVP)!3: direct sensitization of the PVP surface with Sn**, activation by immersion in
ammoniacal silver nitrate to oxidize the surface Sn*" to Sn** by reducing Ag"* to elemental silver
(producing, also, a small amount of silver oxide), and finally gold plating by galvanic
displacement of the silver with reduction of Au(l) to Au(0) accompanied by the oxidation of

formaldehyde. Amine and carbonyl groups in the PVP layer were proposed to complex the tin



cation during sensitization'®>. Extending this approach, Sn®" has been reported to complex
effectively with oxygen-rich polymer surfaces'? and with quartz and silica substrates'®: 1416,
Tin(I) sensitization has also been reported on NaOH-roughened surfaces!’, suggesting that a

specific chemical interaction may not be essential'®

, and underscoring the utility of electroless
plating for rough and high-surface-area surfaces where physical deposition is challenged!®. In
principle, though, a smooth silicon nitride substrate with a well-defined silica surface layer
should be amenable to direct tin sensitization. Yet, electroless deposition of gold on planar
silicon nitride has been limited to routes requiring the use of a silica layer with organic linkers
and metal layers between the silicon nitride and gold overlayer'®. In the first case, covalent
attachment of an organic monolayer using silane chemistry can be beneficial for film adhesion,
but adds operational complexity'® and can constrain downstream processing conditions. In the
second case, the intervening layers may lend beneficial properties, or may similarly introduce
compositional constraints on applications, or morphological constraints on the final gold film
nanostructure. Regardless of the ability to carry out a silica-based modification, it does not
eliminate the benefits of a direct functionalization of silicon nitride. We present a dramatically
simplified electroless gold deposition method in which we eliminate the initial covalent
attachment of an organic monolayer to the substrate, and in which we do not need to initially
mask the silicon nitride surface chemistry with a silica overlayer. Our method directly sensitizes
the silicon nitride substrate with a Sn?* solution, followed by a series of metal ion treatments in
which we exert control over the gold film thickness using process time and temperature. Film

thicknesses ranged from 30 to 100nm for deposition times from 0.5-3h, and temperatures of 3

and 10°C.



Full details of materials and preparation are provided in the Supporting Information. In brief,
polished silicon-rich low-pressure chemical vapor deposited (LPCVD) silicon nitride-coated
silicon wafers were cleaved into ~lcm? chips. The chips were then electrolessly plated with gold
deposited from solution as outlined in Scheme 1. Ultrasonic cleaning of the substrate’* was
strictly avoided so that straightforward extension of the scheme to ultrathin silicon nitride
windows would not cause window fracture®>. Each chip was plasma-cleaned and then briefly
etched in a dilute hydrofluoric acid (HF) solution to remove unwanted native silicon oxide and
expose the silicon nitride surface® 2°. The prepared chips were immersed in a tin(Il) chloride
sensitizing solution, followed by a soak in ammoniacal silver nitrate solution'® '3, The chips
were carefully rinsed between each step of the process. Electroless gold plating was carried out
by immersing chips in ~1.5-3mL (0.75SmL for micropores) of sodium gold sulfite plating
solution?!, with gentle rocking, in a refrigerator (3°C plating) or thermoelectric cooler (10°C
plating). After plating for the desired time at the desired temperature, the chips were carefully
rinsed, dried and then characterized. Gold film thicknesses were obtained by atomic force
microscopy (AFM) measurements across an edge from the film to the substrate. Film
morphology was examined by field-emission scanning electron microscopy (FE-SEM) and
analyzed using a watershed analysis. Elemental analysis of the gold film was carried out by
energy-dispersive x-ray spectroscopy (EDS) and by x-ray photoelectron spectroscopy (XPS).
Characterization details are provided in the Supporting Information.

Scheme 1. Electroless plating of silicon nitride. The silicon nitride—coated substrates are plasma-
cleaned of organics and HF-etched before the surface is exposed to Sn** ions which are oxidized
during the redox-driven deposition of an elemental silver layer. Gold plating begins with

galvanic displacement of the elemental silver.
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Figure 1 shows photographs of an array of silicon nitride-coated substrates subjected either
strictly to the steps in Scheme 1, or to control experiment variations. Adherence to Scheme 1
produced gold films, evaluated by visual inspection, with good quality and excellent
macroscopic surface coverage, and delivered these results reliably over many months of repeated
trials. More detailed characterization of these films is provided below. Departures from the
scheme, however, yielded generally poor or inconsistent results. We focused our attention on
varying the surface preparation steps, specifically testing surface preparations that did not
involve HF etching designed to remove the oxygen-containing overlayer. Tin(I) sensitization
after sodium hydroxide surface roughening had been reported on silicon nitride powders of
unknown stoichiometry> !7. Indeed, surface roughening to improve film adhesion is a familiar
preliminary process in electroless plating!!. Substituting 1, 4.5, or 9M NaOH treatments for the
HF etching of Scheme 1, however, generated only gold smudges after 3 hours of plating at 3°C.
The silicon-rich nature of our LPCVD films is a possible contributing factor to the poor plating
quality after NaOH treatment in comparison to the published results'’, given the general
challenge that silicon nitride stoichiometry and available surface species—and thus
functionalization opportunities*>—depend on the details of the silicon nitride synthesis®. Our use

of large-area, planar substrates introduces another likely explanation: it provides a stringent test



of film deposition quality, and easily reveals defects that may be more difficult to discern on a
film coating a powder. Traditional silicon nitride surface modification schemes rely frequently

2223 rather than of the silicon

on modification of a silica layer on the silicon nitride surface
nitride, itself. Careful attention to the quality of the oxygen-containing surface layer can
circumvent difficulties that stem from a lack of definition of this silica layer?’. Holtzman and
Richter used nitric acid to enrich the number of surface hydroxyl groups on silicon nitride so that
they could use silane chemistry to provide an organic monolayer foundation for an overlying
electrolessly deposited gold film!8. While successful, the approach must contend with the
acknowledged challenges of silane chemistry'® and with the persistence of the organic linker
layer. Given the affinity of Sn** for such an oxygen-enriched silicon nitride surface, and given
prior demonstrations of electroless gold plating on silica surfaces'®, we replaced the HF etch in
Scheme 1 with a 20 minute treatment in 10% (v/v) nitric acid at 80°C. The results, shown in
Figure 1, were promising, with repeated, although not consistent, deposition of (visually
inspected) high-quality gold films. It is likely feasible to optimize this route to routinely deposit
high-quality, uniform gold films, but our goal was to develop a simple route to electrolessly plate
gold directly onto silicon nitride. Treatment of silicon-rich LPCVD silicon nitride surfaces with

4,23

dilute hydrofluoric acid eliminates the native oxide and leaves a H-terminated surface with

Si-H, NH and NH, moieties?. Given the appeal of this surface for surface functionalizations®® 2,
we tested its compatibility with tin(Il)-based sensitization. Scheme 1 thus follows the plasma-
based cleaning steps with an HF etch step that removes oxide and H-terminates the surface??, and
ends with the gold plating treatments'®. We note that in the absence of the HF-etching step, chips

would sporadically be coated with patchy gold layers, but no uniform high-quality gold films

were observed on these chips even after 3 hours in the gold plating solution.
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Figure 1. (a) Photograph array of plating results at 3°C. Top row, left-to-right — HF etch omitted,
1 h plating after HNOj3 preparation, HNOs step replicate, plasma-cleaned only (subsequent steps
omitted). Bottom row, left-to-right, Scheme 1 followed for plating times of 30 minutes, 1 hour, 2
hours, and 3 hours. The scratches in the film arose during handling of the chips. (b) Adhesive
tape could lift most of the gold film to give an edge for (¢) AFM measurements of electroless

gold deposition film thickness as a function of time and temperature.

The row of visually high quality, high coverage gold films shown in Figure 1 were
electrolessly plated at 3°C for increasing lengths of time, with strict adherence to Scheme 1. The
gold films survived extensive handling including prolonged immersion in liquids interspersed
with repeated rinsing and pressurized argon-drying steps, and moreover adhered well to free-
standing films that we broke deliberately for imaging (Figure 4b). Certainly in applications using

gold-coated, freestanding silicon nitride membranes, consideration of membrane robustness will



supersede gold adhesion in importance. The films could, however, be scratched with tweezers
and mostly removed with adhesive tape (Figure 1b), and this afforded us the ability to perform
AFM film thickness measurements. A swath of the gold film was removed and the mean
difference in height between the film and the bare substrate was averaged across several
representative line profiles and several independently plated chips for each plating time and
temperature (see Supporting Information for details). Figure 1 plots the step height from plated
film to bare substrate as a function of time: at 3°C a step height of ~30nm after 30 minutes with
a linear fit yielding a ~20nm/h deposition rate thereafter, and at 10°C a step height of ~35nm
after 30 minutes with a linear fit yielding a deposition rate of ~40nm/h thereafter. The intercept
likely arises from residual silver nanoislands scattered across the substrate. Shorter plating times
than those shown in Figure 1 typically produced chips with a purple-blue hue. Four-point film
resistivities were measured for the films plated at 3°C for all the time points listed, and were in
the range ~3 — 5 X 107%Q-cm; thin film resistivities higher than the known bulk gold resistivity
(2.2 X 107°Q-cm)!"! are not surprising'®. SEM micrographs afford a further detailed view of the
film structure (Figure 2). Microscopic substrate coverage was high, but not complete, after 30
minutes of plating at 3°C, but was on par, after 30 minutes at 10°C and 1 hour at 3°C, with the
coverage shown in the SEM micrograph shown in Figure 2. Micrographs for both temperatures
and all plating times were subjected to watershed analysis (see Supporting Information for
details) and yielded area-equivalent mean grain radii from 20-30nm. It is clear from the SEM
images, however, that the film structure is more complex than can be represented in a single
equivalent grain size. There were large agglomerates on the film surface, seen also in AFM line
profiles, with radii of several hundred nanometers. EDS analysis of these larger features showed

them to be gold (see Supporting Information, Figure S1). Many of these outcroppings had quite



convoluted shapes; there is the potential for quite compelling applications arising from both the
regular and irregular film grain structures>*?°. Indeed, the films are useful as a platform for
surface-enhanced Raman spectroscopy (SERS). Figure 3 shows a demonstration spectrum of 4-
nitrothiophenol (NBT) taken from an electrolessly gold-coated silicon nitride substrate.
Annealing of these films caused an attendant decrease in the SERS signal, and after annealing for

24 hours at 280°C, the mean grain size had increased to nearly 50nm.

Figure 2. SEM images of a film after 2h of gold plating at 3°C. The inset is of the same film at

lower magnification.
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Figure 3. Measured spectra from lcm? silicon nitride substrates soaked in 0.01M NBT for 5
minutes: from a substrate electrolessly gold-plated at 3°C for 3 hours (red), from the same chip
plasma cleaned, annealed at 280°C for 20 minutes, and plasma cleaned again before NBT

exposure (blue), and from a sputtered (30s) gold film (black).

While the electroless gold plating was strongly sensitive to the surface preparation of the
silicon nitride, we note, for completeness, that the exposed silicon at the edges of the chips was
consistently gold-plated, regardless of whether the wafer was treated with HF, HNO3 or NaOH.
Polished ~lcm? silicon chips treated according to Scheme 1 developed uniform, high-quality
gold films across the surface. This result suggests that the silicon-rich nature of our silicon
nitride films may contribute to the electroless plating process in Scheme 1. Candidate
mechanisms for tin-sensitizing silicon nitride thus extend beyond those involving nitrogen-
containing surface species'. The prospect of definitive elucidation of the mechanism, however,
must be weighed in the context of clear precedent in the literature that the complexity of silicon
nitride surface chemistry makes it difficult to unravel surface attachment mechanisms?*’. The
chemical complexity of the reagents and supporting media involved in electroless plating further
compounds the challenges, compared to physical deposition in vacuum or covalent attachment
chemistry in solution. Nevertheless, the steps of various electroless plating approaches have a
sound electrochemical basis and the method has a demonstrable outcome!!. XPS spectra were
recorded from silicon nitride chips after each major step of Scheme 1. Selected spectra and
details of the analysis are provided in the Supporting Information (Figure S2). XPS spectra were
also recorded from silicon chips for use as a guide to unravelling the overlapping contributions to
the Si2p region of the silicon nitride spectra, especially. HF treatment of the oxygen-plasma-

cleaned silicon and silicon nitride caused a significant diminution of oxygen-related peaks at

11



~104eV (Si2p) and ~533eV (Ols), with the first component no longer evident. These spectral
features—including the residual Ols peak that could indicate surface reoxidation generating a
small number of surface hydroxyl groups, but has been principally attributed to presumably
surface-inaccessible bulk oxygen—are consonant with those recorded from silicon nitride
substrates prepared for direct covalent chemical modification® 2% 22, The tin(II) treatment steps
caused an appreciable widening of the residual, post-HF-etch Ols peaks of silicon and silicon
nitride. We subjected silicon and silicon nitride substrates to two control treatments at this stage
of Scheme 1: in the first, we omitted the hydrofluoric acid step prior to the introduction of the
tin solution, and in the second, we prepared the tin sensitizing solution without adding tin. In
none of the cases was the appreciable widening of the Ols peak observed. The broad, low-
amplitude 102.5¢V Si2p peak that appeared after Scheme 1 tin-sensitization of silicon also
appeared after tin-free control processing, and it suggests submonolayer oxygen coverage that

2728 on the

can arise from aqueous processing®> 2. The analogous formation of silicon oxynitride
silicon nitride substrate would be more difficult to discern from the main Si2p peak due to
spectral overlap. Tin oxidation states can be difficult to definitively identify by XPS
measurement'® 2, but the shifts of the best-fit ~487e¢V Sn3ds., peak to lower binding energy after
the addition of silver(I) ions to both substrates (by ~0.5e¢V for SiNx and ~0.15¢V for Si), would
be consistent in direction with the oxidation of tin(II). The Sn3ds» peaks were affected by the
substrate preparation, with ~0.2eV greater width on silicon and silicon nitride substrates that had
not been treated with hydrofluoric acid, with an accompanying ~0.4eV shift to higher binding

energy on the silicon substrate. Overall, the XPS spectra suggest complex roles for oxygen and

tin in the surface sensitization steps and, while the detailed mechanism of sensitization remains

12



unresolved, adherence to Scheme 1 exposed the silicon-rich LPCVD silicon nitride surface for
direct surface modification and yielded high-quality gold films.

In fact, in spite of complex and challenging surface chemistry, the choice of silicon
nitride as a substrate opens a panoply of possible applications for consideration, and the use of a
solution-based gold plating method allows us to coat surfaces that are difficult or impossible to
reach by line-of-sight metal coating methods. We paid special attention in our development to be
able to coat free-standing thin silicon nitride membranes. As a final demonstration of the
capabilities of this method, we electrolessly gold plated micropore arrays fabricated in thin
(200nm) silicon nitride membranes. Figure 4 shows two representative gold-coated 2pum
micropores, with the first plated into a free-standing portion of the membrane, and the second
plated in a region of the silicon nitride pores overlapped with the underlying silicon support
frame. Gold plating of the pore walls allows for the straightforward subsequent use of thiol
chemistry for surface chemical functionalization. By choosing complementary pore dimensions
and gold film thickness, either by fabricating pores with smaller initial sizes, or by increasing the
plating time, this electroless plating process can also be used to physically tune the pore
dimensions. This method thus provides access to surfaces that may not be accessible to line-of-
sight methods, and it moreover provides control over both surface physicochemical properties
and physical dimensions of surface and internal pores’. In addition, the method is well-suited for

tuning and enhancing the properties and performance of thin film and pore-based devices.
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Figure 4. Gold coating can be seen to cover (a) the planar membrane and curved inner pore
surface of the free-standing membrane area, with its uncoated equivalent shown in (c). A
purposefully fractured membrane in (b) shows the gold coating on the micropore surface and the
silicon nitride membrane (dark line) with intact gold coating. In image (d), plating also occurred

on the bottom of the 200nm-deep well where it intersects with the silicon substrate.
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