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ABSTRACT: A plasma-enhanced atomic layer deposition
(PE-ALD) process to deposit metallic gold is reported, using
the previously reported Me;Au(PMe,) precursor with H,
plasma as the reactant. The process has a deposition window
from 50 to 120 °C with a growth rate of 0.030 & 0.002 nm per
cycle on gold seed layers, and it shows saturating behavior for
both the precursor and reactant exposure. X-ray photoelectron
spectroscopy measurements show that the gold films deposited
at 120 °C are of higher purity than the previously reported
ones (<1 at. % carbon and oxygen impurities and <0.1 at. %
phosphorous). A low resistivity value was obtained (5.9 + 0.3
uQ cm), and X-ray diffraction measurements confirm that
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films deposited at 50 and 120 °C are polycrystalline. The process forms gold nanoparticles on oxide surfaces, which coalesce
into wormlike nanostructures during deposition. Nanostructures grown at 120 °C are evaluated as substrates for free-space
surface-enhanced Raman spectroscopy (SERS) and exhibit an excellent enhancement factor that is without optimization, only
one order of magnitude weaker than state-of-the-art gold nanodome substrates. The reported gold PE-ALD process therefore
offers a deposition method to create SERS substrates that are template-free and does not require lithography. Using this process,
it is possible to deposit nanostructured gold layers at low temperatures on complex three-dimensional (3D) substrates, opening
up opportunities for the application of gold ALD in flexible electronics, heterogeneous catalysis, or the preparation of 3D SERS

substrates.
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1. INTRODUCTION

Gold as a bulk material has found a widespread use in jewelry,
coinage, and decorative pieces because of its unreactive nature.
However, nanoparticulate gold has very interesting and useful
catalytic properties and has attracted significant interest for
heterogeneous catalysis.' > The use of nanoparticulate gold for
heterogeneous catalysis remains a growing research field.
Suspended gold nanoparticles (or colloidal gold) are often
used for their inherent optical properties (e.g, colloidal gold in
ruby glass).” The optical properties arise because of the
localized surface plasmon resonances (LSPR) that develop at
the metal surface. The LSPR can create electromagnetic
hotspots between metallic structures, and these hotspots can
cause enormous enhancement of a Raman signal.>® The most
used materials for surface-enhanced Raman spectroscopy

(SERS) are silver and gold because of their surface plasmon
properties. A drawback of using silver in SERS substrates is
that it easily tarnishes while this is not the case for gold. In
general, highly ordered nanostructures are required for solid-
state SERS substrates. By tuning the properties of the
nanostructures on the SERS substrate, it is possible to achieve
single molecule detection. A major fallback in present SERS
substrates is that fabrication often involves several processing
and deposition steps, making the production process
expensive, complex, and difficult to implement simply and on
a large scale.
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Atomic layer deposition (ALD) offers precise control over
the amount of material deposited on a substrate because of the
alternating exposure of the substrate to the precursor and
reactant gases. These gas phase species undergo self-limiting
reactions with the substrate, which allows conformal films to be
deposited on planar and complex 3D substrates. This makes
ALD an extremely useful deposition method for gold
nanoparticles on substrates that are challenging for other
deposition methods (e.g, physical vapor deposition or
solution-based methods).

Gold metal is extremely challenging to be deposited by
ALD: only two gold ALD processes have been reported,
although many chemical vapor deposition (CVD) precursors
exist to deposit gold.” "' However, finding precursors that are
suitable for ALD has proven to be quite difficult because they
need to be thermally stable, volatile, have decent surface-
limited reactions, and saturation behavior.'> Another aspect is
the need for suitable reducing agents for the precursor. The
first gold ALD process was reported by Griffiths, Pallister,
Mandia, and Barry."> This plasma-enhanced ALD (PE-ALD)
process consists of three steps: the surface is first exposed to
trimethylphosphinotrimethylgold(III) (Me;Au(PMe;)), fol-
lowed by oxygen plasma exposure, and finally, a water vapor
exposure. Deposition of metallic gold was reported at a
deposition temperature of 120 °C with a growth rate of 0.05
nm per cycle. The deposited films had some impurities, 6.7 at.
% carbon, and 1.8 at. % oxygen. The second gold ALD process
was reported by Mikeld, Hatanpad, Mizohata, Raisinen, Ritala,
and Leskeld.'* This process employs Me,Au(S,CNE,) as the
gold precursor and ozone as the reactant. Deposition between
120 and 180 °C was reported, with self-limiting growth at a
substrate temperature of 180 °C. A relatively high growth rate
of 0.09 nm per cycle was achieved. These films showed low
resistivity (4.6—16 pQ cm) with some impurities 2.9 at. %
oxygen, 0.9 at. % hydrogen, 0.2 at. % carbon, and 0.2 at. %
nitrogen.

In this work, we report a gold PE-ALD process using the
existing Me;Au(PMe;) gold precursor in combination with H,
plasma as the reactant. Compared to the other two reported
gold ALD processes, this process showed self-limiting behavior
at temperatures as low as 50 °C. This makes it possible to use
the reported process in applications that utilize temperature-
sensitive substrates, such as flexible electronics.">~'” Another
advantage over the previously reported gold ALD processes is
the use of a reducing coreactant (H, plasma) instead of
oxidizing chemistry (O, plasma or O;), hence avoiding the
oxidation of the underlying substrate surface. The deposited
films have an intrinsic nanoparticle structure, interesting for
heterogeneous catalysis and plasmonic applications. It is shown
that the films grown at 120 °C exhibit excellent SERS
properties, revealing that the presented PE-ALD process ofters
a relatively easy route toward large-scale SERS substrates with
potential applications in sensing devices.'”"”

2. EXPERIMENTAL SECTION

All ALD processes were carried out in a home-built pump-type ALD
reactor with a base pressure of 2 X 107° mbar.”® Computer-controlled
pneumatic valves and manually adjustable needle valves were used to
control the dose of the precursor vapor and reactant gas. The
Me;Au(PMe;) precursor (>95% purity) was synthesized using the
method described in the Supporting Information of the article by
Griffiths, Pallister, Mandia, and Barry."® The precursor was kept in a
glass container which was heated to 50 °C during deposition
processes, and the delivery line was heated to 55 °C. Argon was used

as the carrier gas during all deposition processes. The flow of the
carrier gas was adjusted to reach 6 X 107> mbar in the chamber when
pulsing. The precursor exposure during the ALD processes were
carried out by injecting the Me;Au(PMe;) vapor after closing the gate
valve between the turbomolecular pump and the reactor chamber. By
varying the injection time, the pressure during the pulse varied
between 6 X 107> and 5 mbar. After injection, the precursor vapor
was kept in the ALD chamber for an additional S s before evacuating
the chamber. H, plasma (20% H, in argon) was used as the reactant
for all deposition processes. Previously, some of the authors reported
that using H, gas or H, plasma as the reactant in combination with
the Me;Au(PMe;) precursor does not lead to gold deposition.
However, they used a low concentration of H, gas in comparison with
the 20% that was used in this work, possibly explaining this different
result. H, gas was introduced through the plasma column mounted on
top of the chamber, and the flow of H, gas was limited by a needle
valve to obtain a chamber pressure of 6 X 107> mbar during all
deposition processes. A 13.56 MHz radio frequency generator
(Advanced Energy, model CESAR 136) and a matching network
were used to generate an inductively coupled plasma in the plasma
column. For all the experiments, a plasma power of 200 W was used
and the impedance matching parameters were adjusted to minimize
the reflected power. H, plasma exposure of 10 s was used before each
deposition. The used substrates were pieces of p-type silicon (100)
with native or thermal silicon oxide or 10 nm sputtered gold films on
p-type silicon (100). The samples were mounted directly on a heated
copper block. The temperature of the copper block was adjusted with
a proportional-integral-derivative (PID) controller. The chamber
walls were heated to 100 °C for all experiments, except for the
experiments to determine the temperature window, for these
experiments, the chamber walls were heated to 50 °C. This was
necessary to allow the copper block to be heated at temperatures
below 80 °C because it was not possible to use active cooling of the
copper block.

Several ex situ measurement techniques were used to determine the
physical properties of the deposited Au films. X-ray diffraction (XRD)
patterns were acquired to determine the crystallinity of the deposited
films. XRD measurements were done on a diffractometer (Bruker D8)
equipped with a linear detector (Vantec) and a copper X-ray source
(Cu Ka radiation). Thickness determination via X-ray reflectivity
(XRR) measurements was done on a diffractometer (Bruker D8)
equipped with a copper X-ray source (Cu Ka radiation) and a
scintillator point detector. However, because the gold ALD films were
generally too rough for accurate thickness determination with XRR,
X-ray fluorescence (XRF) measurements were used to determine an
equivalent film thickness based on a calibration line of sputtered gold
films. The obtained standard deviation of the data points from the
obtained calibration line was multiplied by 3 and used as an estimated
error for each XRF measurement. The XRF measurements were
performed using a Mo X-ray source and an XFlash 5010 silicon drift
detectorplaced at an angle of 45° and 52° with the sample surface,
respectively. An integration time of 200 s was used to acquire the
fluorescence spectra. X-ray photoelectron spectroscopy (XPS) was
used to determine the chemical composition and binding energy of
the deposited films. The XPS measurements were carried out on a
Thermo Scientific Theta Probe XPS instrument. The X-rays were
generated using a monochromatic Al source (Al Ka). To etch the
surface of the deposited films, an Ar" ion gun was used at an
acceleration voltage of 3 keV and a current of 2 yA. An FEI Quanta
200F instrument was used to perform scanning electron microscopy
(SEM) using secondary electrons and energy-dispersive X-ray
spectroscopy (EDX) on the deposited films. Four-point probe
measurements were performed to determine the resistivity of the
deposited gold films. Atomic force microscopy (AFM) measurements
were performed on a Bruker Dimension Edge system to determine the
surface roughness of the films. AFM was operated in the tapping
mode in air.

To study the morphology of the gold nanostructures, ex situ
grazing-incidence small-angle X-ray scattering (GISAXS) measure-
ments were performed at the DUBBLE BM26B beamline of the ESRF
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synchrotron facility. The used energy for the X-ray beam was 12
keV, with an incidence angle of 0.5°. The GISAXS patterns were
recorded with a DECTRIS PILATUS3S 1M detector, which consisted
of a pixel array of 1043 X 981 (V X H) with a pixel size of 0.172 X
0.172 um? and a sample-detector distance of 4.4 m was used. The
samples were measured in a vacuum chamber that had primary slits
and a beamstop inside the chamber to reduce scattering. For each
GISAXS scattering pattern, an acquisition time of 60 s was used.
Standard corrections for primary beam intensity fluctuations, solid
angle, polarization, and detector efficiency were applied to the
collected images. The IsGISAXS software was used to perform the
data analysis of the GISAXS scattering patterns; a distorted-wave Born
approximation was used and graded interfaces were assumed for the
perturbated state caused by the gold particles. A spheroid particle
shape was assumed with a Gaussian distribution for the particle size.
The particle arrangement on the surface was modeled using a one-
dimensional (1D) paracrystal model, that is, a 1D regular lattice with
loss of a long-range order. Initial input parameters for the simulation
were obtained from the two-dimensional (2D) scattering data, by
taking horizontal (g,) and vertical (g,) line profiles at the position of
the main scattering peak. The maximum in the horizontal line profile
gave information about the mean center-to-center particle distance,
while information about the particle height was obtained from the
minima and maxima observed in the vertical line profile. The input
parameters for the simulation were refined until a decent agreement
between the experiment and simulation was obtained.

In order to determine the surface enhancement of the deposited
gold films, free-space SERS was performed on several samples. A
monolayer of 4-nitrothiophenol (pNTP, Sigma) was used as an
analyte that selectively binds to the gold surface using a Au—thiol
bond. The SERS samples were thoroughly rinsed with acetone,
isopropanol, and deionized water and dried using a N, gun. This was
followed by a short O, plasma exposure, using a PVA-TEPLA
GIGAbatch, to remove the remaining contaminants and enhance the
binding. The SERS samples were then immersed in 1 mM pNTP
solution for 3 h. Finally, the samples were extensively rinsed using
ethanol and water to remove unbound pNTP molecules. The number
of adsorbed pNTP molecules on the different samples was estimated
based on the Au surface area calculations and the reported pNTP
density value on Au (see Supporting Information). Raman measure-
ments were performed using a commercial confocal Raman
microscope (WITEC Alpha300R+). A 785 nm excitation diode
laser (Toptica XTRA II) was used as the free-space pump source. The
laser was operated at a low pump power of 0.2 mW to avoid burning
or photoreduction of the pNTP molecules. High NA objectives
(100x/0.9 EC Epiplan Neofluar; 00/0) were used to excite the
sample and collect the Raman signal. A 100 ym multimode fiber was
used as a pinhole connected to a spectrometer equipped with a 600
Ipmm grating, and a charge-coupled device camera was cooled to —70
°C (Andor iDus 401 BR-DD). All the Raman spectra were acquired
after optimizing the 1339 cm™' peak using an integration time of 1 s.

3. RESULTS AND DISCUSSION

3.1. ALD Properties. The reaction of the Me;Au(PMe;)
precursor with H, plasma was previously reported to not
occur."” By using a higher vacuum and higher H,
concentration, this surface reaction was found to proceed in
a self-limiting manner. One of the properties of an ALD
process is that both reactions show self-limiting behavior. The
saturation behavior of Me;Au(PMe;) and H, plasma exposure
was investigated by determining the equivalent growth per
cycle (*IGPC, obtained by dividing the equivalent thickness by
the number of ALD cycles) on gold seed layers as a function of
the respective exposure time (Figure 1). The injection time for
the precursor was varied between 1 and 20 s, while the reactant
exposure was kept fixed at 20 s. Likewise, the exposure time of
the reactant was varied between 1 and 20 s, while the precursor
injection time was kept fixed at 20 s. The depositions were
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Figure 1. “iGPC as a function of the injection time and exposure time
for the Me;Au(PMe;) precursor (O) and H, plasma (O),
respectively, in the steady growth regime. Depositions were
performed on a gold seed layer at a substrate temperature of 100
°C. A total of 100 ALD cycles were performed during each deposition
to determine the *“dGPC value. The exposure time of the reactant was
kept at 20 s during the saturation experiments of the precursor. The
injection time of the precursor was 20 s during the saturation
experiments of the reactant. The precursor exposure consisted of an
injection time that was varied, followed by a fixed dwell time of 5 s.

performed at a substrate temperature of 100 °C on silicon
substrates coated with a thin sputtered gold seed layer (10
nm). The gate valve between the reaction chamber and the
turbomolecular pump was closed during the precursor
exposure. As mentioned in the experimental section, the
exposure time consisted of a variable injection time, followed
by a fixed dwell time of 5 s. As a result of the varying injection
time, the pressure during the precursor exposure varied
between 6 X 10~ and 5 mbar. As can be seen in Figure 1,
saturation was achieved for Me;Au(PMe;) after an injection
time of 10 s and after an exposure time of 10 s for H, plasma,
yielding an *IGPC of 0.030 & 0.002 nm per cycle in the steady
growth regime.

Pulsing the precursor on a gold substrate without any
coreactant resulted in an “IGPC of 0.005 nm per cycle,
implying a minor CVD component for this ALD process. The
monolayer of the adsorbed precursor was most likely not
perfectly stable and underwent a very slow decomposition to
Au(0), forming additional adsorption sites for new precursor
molecules. Importantly, there was no deposition when
exposing a silicon substrate to only the precursor.

Test depositions under thermal conditions were performed
using high pressure H, gas (20% H, in argon at 25 mbar)
instead of H, plasma as the reactant. An injection time of 15 s
and a dwell time of S s were used for the MesAu(PMe,)
exposure (ie., saturating conditions for the PE-ALD process).
On silicon substrates, these thermal test depositions did not
yield gold deposition in our ALD reactor. However, on gold
seed layers some deposition was achieved with an “IGPC equal
to 0.005 nm per cycle, likely originating from the above-
mentioned CVD component rather than a chemical reaction
with H, gas.

The temperature dependence of the “dGPC for the PE-ALD
process with H, plasma is shown in Figure 2. The “iGPC was
determined for two precursor injection times, 10 and 20 s,
combined with a 15 s H, plasma exposure. Decomposition of
the precursor occurred for substrate temperatures above 120
°C, as can be concluded from the increase in *{GPC at 130 and
140 °C. Although the decomposition remained limited for the
lower injection time of 10 s, especially at 130 °C, it was
severely increased for the 20 s injection time. On the other side
of the temperature curve, the growth rate remained constant
when lowering the substrate temperature. Moreover, over the
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Figure 2. “IGPC as a function of the substrate temperature for two
Me,Au(PMe;) precursor injection time periods, 10 and 20 s with a
dwell time of 5 s for both. An exposure time of 15 s was used for H,
plasma. Depositions were performed on a gold seed layer. A total of
100 ALD cycles were performed during each deposition to determine
the “GPC value. The error bars for the 10 s Au injection time periods
were omitted for clarity. Decomposition of the precursor occurs above
120 °C.

whole 50—120 °C temperature range, the “iGPC achieved with
a 10 s precursor injection time was equal to the “IGPC
achieved for the 20 s precursor injection time. This confirms
saturation behavior in this temperature range, implying that
there is an ALD temperature window from 50 to 120 °C. The
lower temperature limit of 50 °C is equal to the temperature of
the precursor bottle. Lowering the substrate temperature below
the precursor bottle temperature may induce condensation,
leading to uncontrolled deposition conditions. On the other
hand, decreasing the precursor bottle temperature below 50 °C
gave unreliable results in our setup, likely related to limited
volatility of the precursor at those temperatures. The 50 °C
lower limit of the temperature window makes it possible to
deposit gold on temperature-sensitive materials, such as textiles
and paper, significantly extending the potential of Au ALD
compared to that of the previously reported processes.'*"*
This was verified by depositing a PE-ALD gold film on a piece
of a tissue paper at a substrate temperature of 50 °C. EDX
measurements were performed on the substrate and showed
the presence of gold, as can be seen in Figure 3. This shows
that the reported process can be used to deposit gold films on
temperature-sensitive substrates, which have potential applica-
tions for flexible and wearable electronic devices.'>'

The growth of the process on silicon substrates, with native
oxide and thermal oxide, was investigated up to an equivalent

a)
] Aug
3
& O
= e}
D
o
3 -
£
—— e ———
0,0 1,0 2,0 3,0
Energy (in keV)
b) ;

Figure 3. (a) EDX spectrum of a gold-coated piece of tissue paper.
The deposition was performed at a substrate temperature of 50 °C.
(b) Picture of the measured piece of the paper and (c) a SEM image
of the sample.

thickness of 65.6 nm. The PE-ALD depositions were carried
out at a substrate temperature of 120 °C, using saturating
exposure times. The thickness of the depositions as a function
of the number of ALD cycles is shown in Figure S1a, while the
“IGPC is plotted as a function of the number of ALD cycles in
Figure S1b. This latter plot reveals a constant “JGPC when 400
cycles or more are applied. A similar value of 0.029 + 0.003 nm
per cycle was obtained on both the native and the thermal SiO,
surface, which is in agreement with the “iGPC on gold seed
layers. The deviation of the “IGPC below 400 cycles is an
indicative of a nucleation-controlled growth mechanism on a
silicon oxide surface. This is not that surprising because metal
ALD processes are often characterized by the deposition of
particles on oxide surfaces.'””>** These particles coalesce and
ultimately form a closed layer when the amount of the
deposited metal is sufficient. The equivalent thickness as a
function of the number of ALD cycles is displayed up to 800
cycles in Figure 4a for depositions carried out at 120 and 50
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Figure 4. (a) Equivalent thickness of gold as a function of the number
of ALD cycles performed on a silicon substrate (native oxide) for a
substrate temperature of 50 and 120 °C. Saturating conditions were
used for all depositions (ie, a 15 s exposure time for both
Me;Au(PMe;) and H, plasma). (b) Top SEM micrographs for PE-
ALD films deposited at 120 °C. (c) Top SEM micrographs for PE-
ALD films deposited at 50 °C.

°C. Ex situ SEM images of Au films deposited at 120 °C
confirmed that this H, plasma process is governed by an island
growth mode (Figure 4b). The ex situ SEM images of films
deposited at 50 °C also revealed that island growth occurs at
this temperature. At both substrate temperatures, the mean
particle size clearly increased with the equivalent Au thickness
and the general shape of the particles changed as well. Initially,
the particle shapes were mainly circular, but with increasing
film thickness, the particle shape became more irregular,
attributed to the coalescence of particles with progressing
deposition. When the thickness of the film was further
increased, wormlike structures were observed for both cases
which finally resulted in percolating films when sufficient
material was deposited. Here, the threshold to form a
percolating path on the surface and obtain measurable in-
plane electronic conductivity was found to be different for both
deposition temperatures. At S0 °C, percolating films were
obtained at a thickness of 12.9 nm (a resistivity value of 16.5 +
0.8 uQ cm could be measured) while at 120 °C, even at a
thickness of 21.7 nm, a percolating path was not yet obtained.
As will be detailed in the following section, even thicker layers
were necessary to form a percolating path on the surface. This
shows that the temperature can have an impact on the surface
mechanisms dictating the nucleation behavior for this process.

A final characteristic that was evaluated for the developed Au
ALD process was the conformality of deposition on arrays of
silicon micropillars. The silicon micropillars had a length of 50
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pum, a width of 2 um, and a center-to-center spacing of 4 ym,
yielding an equivalent aspect ratio (EAR) of 10. The EAR is
derived from Monte Carlo simulations and is defined as the
aspect ratio of a hypothetical cylindrical hole that would
require the same reactant exposure to achieve a conformal
coating.” A 15 s exposure time was used for Me;Au(PMe;)
and 10 s for the H, plasma exposure during the depositions,
performed at a substrate temperature of 120 °C. Using SEM
and EDX measurements, the surface morphology and Au
loading were investigated along the length of the pillars (Figure
5). The SEM images (Figure Sa) clearly show that Au was

by the fact that the bottom of the structure was in direct line of
sight to the plasma, meaning that those surfaces received a
larger direct flux of H radicals than the adjacent walls. Though
this “bottom effect” is often predicted by simulation models,**
the results presented here provide one of the few experimental
examples. Overall, these initial depositions show that it is
possible to deposit gold films on 3D structures.

3.2. Physical Properties and Film Composition. XRD
measurements were performed on the deposited Au films to
confirm their metallic nature. The obtained XRD patterns for
films deposited at 120 and S0 °C are displayed in Figure 6a,b.
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Figure 5. SEM images and EDX signal of gold films, deposited on
silicon pillar structures (EAR = 10) at a substrate temperature of 120
°C. (a) SEM images for three film thicknesses (as measured on a
planar silicon surface): 22.1 nm (800 cycles), 43.0 nm (1600 cycles),
and 68.5 nm (2400 cycles). (b) EDX signal ratio of the Au peak to the
Si peak as a function of distance from the top of the pillar structure.

deposited on the entire substrate and also between the pillars
on the bottom surface of the structure. Increasing the thickness
of the deposited film resulted in larger particles and more
irregular shapes, as expected from the SEM images on planar
substrates in Figure 4b,c. The morphology of the gold layer
changed from being wormlike at the top of the pillar to smaller
rounded particles near the bottom, suggesting that the amount
of deposited gold on the side walls decreased when going from
the top of the pillar to the bottom. To evaluate the Au loading,
EDX line scans were taken at the height at which the SEM
images were taken, and the ratio of the Au signal to the Si
signal is displayed in Figure Sb as a function of depth in the
structure. The data confirms that less gold was present on the
side walls deeper in the structure, in agreement with the SEM
images. The most likely reason for the nonideal conformality is
a too low H, plasma exposure. Plasma radicals are known to
recombine because of surface collisions, thus limiting the
conformality,””° in particular, during metal ALD due to the
larger recombination rates on metallic surfaces.”” Note that the
SEM images visualizing the bottom of the structure and
between the pillars revealed wormlike features. This points to a
higher Au loading on the area between the pillars than on the
bottom region of the pillars’ side walls. This can be explained
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Figure 6. XRD patterns for deposited gold films with an equivalent
thickness between 1.6 and 21.7 nm. For all thicknesses, the Au(111)
and Au(200) peaks are visible at 38.5° and 44.6°, respectively. The
patterns were given an offset for clarity. (a) Films deposited at 120 °C
and (b) films deposited at SO °C.

The patterns showed that the films were polycrystalline
because of the presence of diffraction peaks from the
Au(111) and Au(200) planes of the cubic gold crystals.
These diffraction patterns hint that the as-deposited Au films
are polycrystalline for all deposited thicknesses and for the full
range of the ALD temperature window.

The composition of the deposited gold films was
investigated using XPS measurements. Figure 7 shows the
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Figure 7. XPS spectra for a PE-ALD-grown Au film deposited at 120
°C with an equivalent thickness of 21.7 nm. The signals are given for
the as-deposited film after removing surface contamination by Ar
sputtering. The Si 2p peak (99.4 eV) is not visible.

Au 41, C 1s, O 1s, and P 2p spectra. The sample was a silicon
substrate on which 800 ALD cycles were performed at 120 °C,
yielding an equivalent gold thickness of 21.7 nm. This
deposition temperature, at the higher limit of the temperature
window, was purposefully selected for comparison with the
previously reported gold ALD processes.'”'* XPS spectra were
measured on the as-deposited film (contaminated by air
exposure) and after removing the contaminating top layer by
Ar sputtering in the XPS chamber. The surface composition for
both cases is given in Table 1. This shows that the grown films
are pure gold films with <1 at. % carbon and oxygen impurities
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Table 1. XPS Concentrations of Au, C, O, and P of a PE-
ALD-Grown Au Film Deposited at 120 °C with an
Equivalent Thickness of 21.7 nm“

Au 4f (at. %) C 1s (at. %) O Is (at. %) P 2p (at. %)
surface 95.5 34 1.1 <0.1
sputtered 99.4 0.3 0.3 <0.1

“The atomic concentration is given for the surface of the (air-
exposed) as-deposited film on the first row. On the second row the
atomic concentration is given after removing the surface contami-
nation from the sample by Ar sputtering in the XPS chamber.

and no phosphorous (below the detection limit, <0.1 at. %)
present in the film, values that are clearly lower than those
obtained with the previous processes (Griffiths, Pallister,
Mandia, and Barry reported 6.7 at. % carbon and 1.8 at. %
oxygen impurities in their films deposited at 120 °C, and
Miakeld, Hatanpad, Mizohata, Raisinen, Ritala, and Leskeld
reported 2.9 at. % oxygen, 0.9 at. % hydrogen, 0.2 at. % carbon,
and 0.2 at. % nitrogen impurities in their films deposited at 180
°C)."'* The lack of phosphorous is a good indication that the
P(CH;); ligands are effectively removed during the ALD
surface reactions. After removal of the top layer of the film by
argon sputtering, an O 1s peak remained with a binding energy
of 832.8 eV, which corresponded to SiO,. Therefore, the likely
origin of the O 1s signal was the SiO, layer of the substrate.
Alternatively, it is possible that minor oxygen contamination in
the gold film originated from the glass tube of the plasma
column, which may have been slightly etched during the H,
plasma.”® The SEM image of the 21.7 nm thick gold film
(Figure 4b) indicates that the film is not a closed layer, and
therefore a silicon peak (99.4 eV) was expected, but a clear
silicon 2p peak is missing. Because the information depth of
XPS is limited to 5—10 nm, the gold film was most likely
blocking the silicon substrate from the detector’s line of sight.
The Au 4f,,, peak is located at 84.1 eV, close to the expected
value of 84.0 eV, indicating gold in the metallic state.
Furthermore, the Au 4f region had spin—orbit peaks that
were separated in energy by the expected value of 3.7 eV.
Although the deposited films had very few impurities and
were crystalline, films grown at 120 °C are not fully closed
films at a thickness of 21.7 nm, as indicated by the SEM image
in Figure 4b. The series of SEM images reveals the evolution
from isolated circular Au nanoparticles to larger coalesced
wormlike structures. However, the latter does not form a
conductive path on the surface. In order to measure the
resistivity of the deposited gold films, a thicker film with an
equivalent thickness of 65.6 nm was deposited at 120 °C on a
silicon substrate and four-point probe resistance measurements
were performed. For this film, a resistivity value of 5.9 + 0.3
€ cm was obtained. This value is a factor of 2.4 larger than
the bulk value of gold (2.44 uQ cm) and comparable to the
resistivity value recently obtained for gold films grown by ALD
using the Me,Au(S,CNEt,) precursor (4.6—16 uQ cm)."*
From the top SEM image of the gold film (Figure 8a), it is
clear that a percolating film was grown, but there seem to be
voids present in the film. Figure 8b shows a cross-sectional
SEM image on a cleaved edge of the Si substrate, allowing for a
visual estimation of the film thickness. The physical thickness
varied between 62.0 and 78.1 nm, which is in reasonable
agreement with the equivalent thickness of 65.6 nm (obtained
from XRF). Both images show that the deposited films were
very rough, with an RMS roughness value of 6.5 nm obtained

Figure 8. SEM images of a gold film (2400 cycles) deposited at 120
°C on a Si substrate with native oxide. The measured equivalent
thickness via XRF is 65.6 nm. (a) Top SEM image showing a
percolating film with the presence of voids and (b) cross-sectional
SEM image on a cleaved edge of the Si substrate.

from AFM measurements (Figure S2). The reason for the
higher resistivity, compared to the bulk value of gold, is
probably the very rough surface morphology and the presence
of holes in the film, lengthening the electrical path.

3.3. Surface Morphology and Raman Spectroscopy.
Because of the rough, void-filled nature of the gold films, we
speculated that these would be effective SERS substrates. LSPR
are needed for a substrate to exhibit SERS properties, and
creating very narrow (nanometer-sized) gaps between regular
nanostructures made out of Au or Ag is a common approach to
create LSPR hotspots on a substrate. The enhancement factor
(EF) of the SERS signal scales with the inverse of the squared
gap-size (d,): EF ~ 1/d.2.”” The gaps between the PE-ALD
deposited gold nanoparticles are of nanometer size, indicating
that these can act as LSPR hotspots. To verify this, free-space
Raman spectroscopy measurements were performed on a series
of four PE-ALD samples deposited at 120 °C, with different
gold loadings (Figure 4b). The obtained Raman spectra and
the calculated pump to Stokes conversion efficiencies (PS/PP)
are shown in Figure 9. The pump to Stokes conversion
efficiencies were based on the 1339 cm™ Raman mode, using
the method described by Peyskens, Wuytens, Raza, Van Dorpe,
and Baets.”® The thinnest sample (1.6 nm) did not show a
decent Raman spectrum of the pPNTP molecule while the other
samples clearly did.’" A stronger Raman signal was observed
with increasing equivalent thickness of the PE-ALD gold film.
This can also be seen from the trend for the P,/P, conversion
efficiencies, with the largest increase (X56) between the two
thinnest samples (1.6 and 4.2 nm).

To understand why a stronger Raman signal is measured for
the higher gold loadings, it is necessary to determine the
surface morphology of the measured samples. Top view SEM
images can provide information about the mean particle
diameter, gap size, and coverage. SEM images were acquired
after the Raman measurement for each sample (Figure 10I)
and compared to the SEM images of the as-deposited samples
(Figure 4b and insets in Figure 10I). This was done to see if
the deposited gold nanoparticles remained stable under the
processing steps that were needed to bind the pNTP molecules
to the surface and the actual Raman measurements. It is easy to
see that the two thinnest samples (a and b) did not retain their
morphology. Instead, the gold nanoparticles agglomerated into
irregular clusters, leaving large gaps between the formed
clusters. The other two samples seemed to be stable because
no agglomerates of particles appeared. The final SEM images


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b10848/suppl_file/am9b10848_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b10848

7000
a)
= 6000
S 21,7nm
5]
S 5000+
8 10,8nm
o
40004
8 " A \ 4,2nm
Il ,1,6nm
3000 ——— 1T T
400 800 1200 1600 2000
Raman shift (in cm'1)
107
1084 b) n
a 9 -/
o 107 -/
o’ 1074 /
10""{ m
10"

0 5 10 15 20 25
Equivalent thickness (in nm)

Figure 9. (a) Free-space Raman spectroscopy measurements on gold
films for different equivalent thicknesses, deposited at 120 °C. The
observed SERS spectra originate from pNTP molecules bound to the
surface. The spectra were given an offset for clarity. (b) Calculated
pump to Stokes conversion efficiency (P,/P,), based on the 1339
cm™! Raman mode of pNTP, as a function of the equivalent thickness
of the gold film. Note that the data points were not corrected for the
number of adsorbed pNTP molecules because the estimated amount
was found to be similar for all samples (see the Supporting
Information).

were used to determine the mean particle diameter and gap
size. This was done by manually analyzing a small section of
the SEM images (300 X 300 nm). The obtained values are
tabulated with their standard deviation in Table 2. These
values indicate that the mean particle diameter increased with
increasing gold loading, and a moderate increase was seen for
the gap size.

The SEM images give a top-down view of the surface and do
not contain information about the height of the particles. Ex
situ GISAXS measurements were performed on the samples to
determine the mean particle height. The obtained 2D
scattering patterns can be seen in the Supporting Information
(Figure S3). Modulations on the main scattering peak, along
the g, direction, contain information about the mean particle
height. A line profile through the maximum of the scattering
peak and along the g, direction was extracted from each 2D
pattern. The resulting profiles, together with their correspond-
ing simulated line profiles, are displayed in Figure 10IL. The
expected g, position of the scattering maximum (Yoneda peak)
depends on the composition of the measured surface and is
marked on the line profiles for a silicon and a gold surface.”*~**
The observed Yoneda peak started close to the expected value
for a silicon surface with low gold loading (on sample a) and
progressed with increasing gold loading toward the expected
value for a pure gold surface. The particle height can be
estimated using the relation H, = 27Aq, — 1, where Aq, is the
distance between the adjacent maxima or minima on the line
profile. The distance between the maxima/minima of the line
profile decreased with increasing gold loading, which indicates
an increase in particle height for the samples with a higher gold
loading. The line profile of sample (d) shows that the
deposited gold layer was very rough because only one
maximum can be clearly distinguished in the line profile. For

samples (a), (b), and (c), the particle height was determined
from the final input parameters used for the simulation (Table
2). The shape of the gold nanoparticles can be expected to
resemble oblate spheroids because the height of the particles is
smaller than the particle diameter. The GISAXS pattern of the
sample (d) was not simulated because of the wormlike shapes
of the gold nanoparticles. An estimation for the particle height
for the sample (d) was obtained, by analyzing the difference in
the maxima’s position for the line profiles of samples (c) and
(d).

Figure 10III depicts the mean gap between particles (and
particle ensembles) for each sample. The particle gaps on
sample (a) exhibited two length scales, the distance between
particle clusters and the distance between individual particles
in these clusters. Although the individual particles had very
small gaps between them, it does not seem to benefit the
Raman signal. The gaps are either too small or the particles are
merged at their boundaries and do not contribute to the
Raman signal. This leaves interactions between the clusters
which are clearly not sufficient to obtain a decent enhance-
ment. For sample (b), the mean gap size decreases slightly.
However, this cannot explain the large increase (X56) for the
Raman signal compared to sample (a). The average particle is
larger, which can be one factor that plays a role in the higher
efficiency, as a size-dependent effect of the gold nanoparticles
cannot be excluded.” This could mean that the gold
nanoparticles on sample (a) are too small to exhibit a decent
SERS signal. However, the different morphologies of both
samples most likely play a larger role. For sample (a), the
particles have agglomerated and most likely the particles in the
clusters are merged, losing the very small particle gap. The
nanoparticles on sample (b) have also agglomerated. However,
in this case, the boundaries between particles are better
defined. This means that on this sample, the small gaps
between the particles are accessible for the pNTP molecules
and thus can contribute to the SERS signal.

Another possible cause for the difference in the obtained
SERS signal could be a difference in the number of adsorbed,
and thus measured, pNTP molecules on each sample. To
investigate this, we estimated the number of measured pNTP
molecules on each sample based on an estimate of the
accessible gold surface area and the reported adsorption
density for pNTP on gold (see the Supporting Information).*®
We found no significant difference in the estimated number of
adsorbed pNTP molecules when comparing the four ALD
samples. This suggests that a difference in the number of
measured pNTP molecules cannot solely explain the observed
differences in the SERS signal intensity.

For the two samples with the highest gold loadings, the
mean gap size increased but the conversion efficiency also
increased, while the increase in gap size is expected to decrease
the SERS signal. However, for these samples, the coalescence
of particles during the PE-ALD process starts to have a visible
effect on the shape of the gold nanoparticles. The particle
shape starts to change from spheroids to more irregular shapes
(e.g, triangular, elongated spheroids, and rods). On sample
(c), this results in the formation of particles that have straight
edges on them. The gaps between particles start to have a
structure that resembles a channel. Because of this, the LSPR
hotspots do not originate from the interaction of neighboring
rounded particles but between the straight edges of the formed
channels. The straight edges of the channel will cause a more
stable gap size, along the length of the formed channel,
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Figure 10. (I) SEM images of the samples after the Raman measurements, the inserts represent the sample before binding pNTP to the Au surface.
(II) Vertical cut taken through the scattering maximum of the 2D GISAXS pattern and the simulation result of the cut. (III) Schematic depiction of

the side view and the top view of the mean particle gap on each sample.

Table 2. Mean Particle Diameter (d,), Gap-Size (d,), Particle Height (H,), and Pump to Stokes Conversion Efficiency (P,/P,)

for Each Sample”

sample eq. thickness (in nm) dg (in nm)
(a) 1.6 9.6 + 4.6
(b) 42 92 + 4.1
(c) 10.8 104 + 4.1
(@ 217 127 + 45

d, (in nm) H, (in nm) IR¥/b

132 +29 11.02 9x 107"
199 + 4.2 17.51 5x 10710
36.8 +£9.2 23.49 2.5 %1077
544 + 17 (26.22) 8.7 x 107°

“The standard deviation for the mean particle diameter and gap size are reported next to the tabulated values.

compared to the gap between round particles. This increases
the interaction volume where the LSPR hotspots occur, which
counteracts the increase in the gap size. The largest gold
loading is present on sample (d), and for this sample, the gold
nanoparticles have coalesced even more than on sample (c).
The resulting nanoparticles form very irregular wormlike
shapes. As a result, it is possible for a channel to surround large
portions of a particle. This starts to resemble the formation of
“racetracks” on the surface, which can exhibit strong SERS
enhancements because of their particular morphology. Such
types of nanostructures fall in the class of “spoof plasmonics” in
which the presence of gaps in a metal can cause LSPR
hotspots.37 Prokes, Glembocki, Cleveland, Caldwell, Foos,
Niinisto, and Ritala demonstrated that this phenomenon can
occur in PE-ALD deposited silver thin films because of the
formation of “racetrack” structures in the silver thin film.**

Here, this particular morphology seems to cause a further
increase in the Raman signal, despite the increase of the mean
gap size compared to sample (c).

Although the optimal point of the PE-ALD-deposited gold
films for SERS enhancement has not been determined, we
believe this point must lie somewhere between the surface of
sample (d) and a fully closed gold layer. Based on a reported
study for sputtered silver films, the best Raman signal is
expected at the percolation threshold of the film.* This could
also be the case for the PE-ALD-deposited gold films.

To conclude, the strongest Raman signal is obtained for the
sample with an equivalent thickness of 21.7 nm (sample d).
Previously, a Stokes to pump conversion efficiency of 6 X 1078
was reported for state-of-the-art gold nanodome substrates.*’
Correcting for a roughly three times higher accessible gold
surface area for the ALD samples (meaning a three times
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higher pNTP concentration), we can conclude that our best
sample has a slightly more than one order of magnitude weaker
conversion efficiency (factor 21). This is promising, given that
there is still room for optimization of the Au ALD films.
Although ALD layers have already been used to form
protective coatings on SERS substrates and to design the gap
of the slot on SiN waveguides for on-chip SERS applica-
tions,*"** this work shows that it is possible to create an
effective SERS substrate using the reported PE-ALD process,
without the need for lithography or a sequence of processing
steps.

4. CONCLUSIONS

Growth of pure metallic gold films at the lowest reported
temperature to date has been demonstrated with a PE-ALD
process, using Me;Au(PMe;) and H, plasma as the precursor
and the reactant, respectively. The process exhibits saturation
of the precursor and reactant half cycles on gold seed layers
with a steady growth rate of 0.030 & 0.002 nm per cycle. A
similar steady growth rate is obtained on bare SiO, surfaces,
after a sufficient number of cycles. Initially, the growth rate is
lower because of nucleation, leading to islandlike growth and
high film roughness, but percolating films are obtained when
the films are sufficiently thick. A resistivity value of 5.9 + 0.3
4€2 cm is obtained for the thickest films, close to the bulk
resistivity value of gold (2.44 uQ cm). The deposited films are
pure gold with <1 at. % carbon and oxygen impurities in the
film. The particular nanostructure of as-deposited films offers
stable free-space Raman enhancement, slightly more than one
order of magnitude lower than that of state-of-the-art solid-
state substrates, but with room for further optimization. The
SERS-active Au ALD substrates can be fabricated with relative
ease without the need for complex-processing or lithography
steps. Beyond SERS, nanoparticulate gold has very interesting
and useful catalytic properties,' > making the reported gold
nanoparticle ALD process also highly relevant toward
heterogeneous catalysis applications.
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