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Microelectromechanical systems (MEMS) are devices that represent the inte-
gration of mechanical and electrical components in the micrometer regime.
Self-assembled monolayers (SAMs) can be used to functionalise the surface of
MEMS resonators in order to fabricate chemically specific mass sensing devices.
The work carried out in this article uses atomic force microscopy (AFM) and
X-ray photoemission spectroscopy (XPS) data to investigate the pH-dependent
adsorption of citrate-passivated Au nanoparticles to amino-terminated SizNy
surfaces. AFM, XPS and mass adsorption experiments, using ‘flap’ type reso-
nators, show that the maximum adsorption of nanoparticles takes place at
pH=35. The mass adsorption data, obtained using amino functionalised ‘flap’
type MEMS resonators, shows maximum adsorption of the Au nanoparticles at
pH =5 which is in agreement with the AFM and XPS data, which demonstrates
the potential of such a device as a pH responsive nanoparticle detector.

Keywords: pH-dependent adsorption; MEMS; gold nanoparticles; sensors

1. Introduction

Microelectromechanical systems (MEMS) devices are defined by the integration of
electrical and mechanical components on the micron length scale [1]. Examples of the
use of MEMS devices include actuators [2,3] and sensors [4—14]. MEMS devices can be
used as chemical sensors via mass detection [7,14], whereby the resonant frequency of
a MEMS resonator changes upon the adsorption of chemical species; the resultant change
of resonant frequency is proportional to the mass adsorbed on the surface [4,7,15]. Hence,
the mass of the adsorbed species can be calculated using knowledge of the mass
sensitivity of the device. Such devices operate on a similar principle to both quartz
crystal microbalances (QCM) [16,17] and surface acoustic wave (SAW) devices [18,19].
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Figure 1. (a)—(c) An overview of the mass-detection of Au nanoparticles on chemically modified
SisNy “flap’ resonators and the frequencies measured in order to calculate mass adsorption; (d) an
SEM image of the ‘flap’ type resonator.

The species adsorbed on the surface of MEMS mass detection devices is dictated by the
surface chemistry of the resonator with self-assembled monolayers (SAMs) having been
employed to immobilise specific species to the MEMS sensors [5,7-9,12].

The aim of the research described in this article is to demonstrate the pH-dependent
immobilisation of citrate-passivated Au nanoparticles to amino-functionalised Si;Ny
surfaces with a view to transferring such surface chemistry to a MEMS resonator. Previous
work has shown pH-dependent adsorption of citrate-passivated Au nanoparticles to
aromatic amino-functionalised Au [20] and aliphatic amino-functionalised SiO, [21]
substrates. The investigation of the pH-dependent adsorption of citrate-passivated Au
nanoparticles to aliphatic amino-functionalised Siz;N4 substrates will provide a model
system with which the pH-dependent adsorption of nanoparticles to MEMS devices can be
tested. Atomic force microscopy (AFM) and X-ray photoemission spectroscopy (XPS)
data will be used to determine the maximum pH at which citrate-passivated Au
nanoparticles attach to —NH,-functionalised SizN4 substrates. Thus, providing both
(i) a reference of the pH-dependent adsorption of citrate-passivated Au nanoparticles to
Si3Ny resonators modified with 3-aminopropyltrimethoxysilane (APTMS) SAMs, and
(i1) a model system to show that such chemically modified microresonators can be used as
mass sensors for nanoparticles (Figure 1).

2. Results and discussion

AFM and XPS analysis have been used to monitor the pH-dependent adsorption of citrate-
passivated nanoparticles on Si3N, substrates modified by exposure to APTMS vapour.
We have described the formation of thin films of APTMS by a vapour method onto
Si3Ny, previously [22]. Here, we report the pH-dependent adsorption of citrate-
passivated Au nanoparticles on these films by monitoring with AFM (surface coverage),
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XPS (elemental composition) and MEMS resonators (mass adsorption, see Figure 1).
All three techniques reveal a peak adsorption at pH =35.

2.1. Au nanoparticle adsorption studies

AFM images were obtained from Si3;N, substrates, modified with APTMS SAMs, after
immersion for 2h in aqueous solutions of citrate-passivated Au nanoparticles at five
different values of pH (pH =3, 4, 5, 6 and 7) (Figure 2(a)). A graph of nanoparticle surface
coverage versus the pH is shown in Figure 3 (block circles).

At pH values of 3 and 4 it can be seen that the occurrence of Au nanoparticle
aggregates adsorbed on the surface is more pronounced than at pH=5, 6 or 7
(Figure 2(a)). Presumably, the occurrence of a higher degree of nanoparticulate aggregates
at pH values of 3 and 4, compared to pH values 5, 6 or 7, is due to a higher degree of
protonation of the passivating citrate anions in solution, corresponding to a lower degree
of electrostatic repulsion between the particles, leading to gold core fusion. The reduction
of the number of repulsive negative charges on citrate-passivated Au nanoparticles at
acidic pHs has previously been demonstrated by zeta potentiometry [21]. The maximum
adsorption of citrate-passivated Au nanoparticles occurs at pH=5 (Figures 2(a) and 3),
which is consistent with previous work which shows that optimal adsorption of citrate-
passivated Au nanoparticles on —NH, terminated SAMs on SiO, substrates occurs at
pH~5[21].

XPS spectra of APTMS-modified SizNy substrates were recorded after immersion in
solutions of citrate-passivated Au nanoparticles over the pH range 3-7. The Au 4f spectra
(Figure 2(b)) and Si 2p spectra, shown in Figure A1l (see Appendix), were used to calculate
the Au/Si ratio in order to determine the relative change of nanoparticle adsorption. The
Au/Si ratios were used to study the adsorption of Au nanoparticles using the Si substrate
as an internal standard, assuming that the amount of Si present is constant. Figure 3 (open
squares) shows that the maximum Au/Si ratio occurs at pH~5 which shows that the
maximum nanoparticle adsorption occurs at pH ~ 5. This result concurs with the AFM
data (Figure 3 (closed circles)).

When nanoparticle adsorption is carried out at pH=35, 6 and 7 the Au 4f spectra
appear as two distinct peaks (the Au 4fs, and Au 4f;, peaks). However, when
nanoparticle adsorption is carried out at pH =3 and 4 the Au 4f peaks appear to split
(Figure 2(a)) and this coincides with the aggregation of Au nanoparticles (Figure 2(b)).
The binding energy of the Au 4f;, for Aut occurs at 86.7eV [23] and one of the split Au
4f7, peaks shifts towards this value. Therefore, this indicates that at pH=3 and 4 the
citrate-passivated Au nanoparticles are partially oxidised. Praharaj et al. [24] have
observed that the addition of HCI to Au nanoparticles can lead to the oxidation of Au’
to Au’" and HCl is used for the reduction of pH of the Au nanoparticle solution in this
study. Therefore, the splitting of the Au 4f peaks by XPS is presumably due to the
oxidation of the Au.

Both AFM and XPS measurements demonstrate that maximum Au nanoparticle
adsorption to an APTMS thin film occurs at pH=35 (Figure 3). To rationalise this
observation we need to consider the pK, of the surface-active components. The pK, of
aliphatic amine groups is 8—11 in free solution [25]; however, when attached to a surface
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Figure 2. AFM images and XPS Au 4f spectra of adsorption of citrate-passivated Au nanoparticles
on APTMS-modified SizNy substrates at five different values of pH. The binding energies of both the
Au 4fs), and Au 4f7, XPS peaks and peak fitting of the XPS spectra are also shown.
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Figure 3. Graph showing both particle density (measured by AFM) and Au/Si ratio (measured
by XPS) vs. pH of citrate-passivated Au nanoparticles adsorbed onto APTMS-modified Si;Ny
substrates.

the pK, decreases to 68 [26]. The pK, of COOH groups in free solution is ~4.8 [27] and
we might expect a shift to lower pK, on the surface of the Au nanoparticles. Thus, at pH
values of 3 and 4 few COOH groups will be deprotonated, hence, there will be little or no
repulsive electrostatic forces existing between the particles, leading to aggregation of the
nanoparticles (Figure 4). Furthermore, the neutral Au nanoparticles do not lend
themselves to electrostatic attachment to the positively charged APTMS SAMs (although
hydrogen bonding will occur). The maximum adsorption of Au nanoparticles occurs at
pH =5, which is due to the best balance between the citrate-passivated nanoparticles being
negatively charged and the amino surface being positively charged (Figure 4). However,
at pH=6 and 7 nanoparticle adsorption reduces as the APTMS thin film becomes
increasingly deprotonated at a rate greater than that at which the Au nanoparticles
become negatively charged (Figure 4). Therefore, the electrostatic attraction between the
negatively charged Au nanoparticles and the APTMS surface decreases due to a less
positively charged surface as the pH increases.

2.2. Mass adsorption measurements

Initial mass adsorption measurements were made by measuring the frequency shift of
simple ‘flap’ type resonators (Figure 1 and Table Al) at three different pH values. These
MEMS devices were fabricated using focused ion beam (FIB) microfabrication to cut
a flap with three free sides from a membrane of silicon nitride, 500 nm thick. Each device
measures approximately 200 x 150 um? and is designed to oscillate in ‘flap mode’ about an
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Figure 4. Schematic representation of the charges present on the citrate-passivated Au nanoparticles
and APTMS surface at three different values of pH (pH =4, 5 and 6) and the subsequent deposition
of Au nanoparticles on and APTMS thin film.

axis of rotation through the fixed side. The devices were excited by mounting them on
a piezoelectric chip in an SEM, which was connected to a vibrometer. Careful tuning of
the drive frequency of the piezoelectric crystal, coupled with real time observation under
the SEM, allowed the resonant frequency to be found once the edge of the flap became
blurred.

The devices were calculated to have a frequency shift of 590 Hz/10~® g using MathCAD
software. Therefore, this value was used to calculate the masses adsorbed on the reson-
ators once the frequency shift was determined. The results shown in Figure 5 indicate
maximum nanoparticle adsorption at pH =35, in agreement with the AFM and XPS data
(Figure 3) though the difference in absorbance between pH =5 and 6 is not as pronounced
as that in Figure 3.

3. Conclusions

The aim of the work presented in this article is to show that the pH-dependent adsorption
of citrate-passivated Au nanoparticles on amino-functionalised SizN4 resonators can
be used as a model system for the development of MEMS nanoparticulate sensors
(Figure 1). AFM (Figure 2(a)), XPS (Figure 2(b)) and mass detection, using chemically
modified resonators (Figures 1 and 5), was used to monitor the pH-dependent adsorption
of citrate-passivated Au nanoparticles on amino-functionalised Si;N, surfaces. AFM
images (Figure 2(a)) reveal that the Au nanoparticles form aggregates on the APTMS
surface at pH =3 and 4. This observation is due to the loss of electrostatic repulsion
between the particles as a result of decreased deprotonation of the COOH moieties on
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Figure 5. Graph showing the mass of citrate-passivated Au nanoparticles adsorbed on APTMS-
modified SizNy ‘flap’ resonators vs. pH.

the nanoparticles at pH =3 and 4 (Figure 4). Maximum surface coverage of nanoparticles
was observed at pH=>5 (Figures 2(a) and 3 (block circles)) when the balance between
electrostatic repulsion between the Au nanoparticles and the degree of protonation of the
APTMS surface is optimal (Figure 4). At pH =6 and 7 the degree of surface coverage
(Figures 2(a) and 3 (block circles)) is less than at pH =5, which is due to a decrease in
surface protonation at higher values of pH compared to that at pH =135 (Figure 4). XPS
analysis (Figure 2(b)) was used to calculate the Au/Si ratio which, in agreement with the
surface coverage calculated by AFM, shows maximum Au coverage at pH =5 (Figure 3
(open squares)). XPS also reveals splitting of both the Au 4f5), and Au 4f;), peaks, which is
representative of oxidation of the Au nanoparticles. Such peak splitting was not observed
when particle absorption was carried out at pH =35, 6 or 7, which is consistent with the
presence of discrete Au nanoparticles and little or no oxidation of the Au nanoparticles.
The mass adsorption experiments, carried out using amino functionalised SisNy ‘flap’
resonators (Figure 1), revealed maximum Au nanoparticle adsorption at pH=5
(Figure 5), which is in agreement with both the AFM and XPS data. However, the
difference between nanoparticle adsorption at pH =5 and 6 is not as pronounced for the
mass adsorption experiments (Figure 5) as it is for the surface coverage obtained by AFM
and the Au/Si ratio obtained by XPS (Figure 3).

The pH-dependent adsorption of citrate-passivated Au nanoparticles to chemically
modified microresonators with a high Q-factor [4] will be investigated. This will allow the
fabrication of highly sensitive mass-detecting MEMS devices.

4. Experimental
All chemicals were obtained from Aldrich unless stated.

4.1. Preparation of citrate-passivated Au nanoparticles

Aqueous solutions of citrate-passivated Au nanoparticles were prepared by the method
described by Frens [28]. A solution of chloroauric acid (0.01 g,2.5mmol in UHQ water)
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was heated under reflux for 2h. Sodium citrate tribasic dihydrate (0.023 g,0.15mol) was
added to the refluxing chloroauric acid solution and heating continued until there was no
further colour change (colourless to red). The solution was allowed to cool to room
temperature, centrifuged and the supernatant, containing the nanoparticles, was retained.

4.2. SAM formation
4.2.1. Preparation of Si3;N, substrates

Si/SisNy substrates (500 nm thick SizNy, Silson Ltd, Northampton, UK) were cleaned
and hydroxylated using a method described by Wei et al. [29]. The substrates were rinsed
well in EtOH and then in ultra high quality (UHQ) water (resistivity = 18 M Qcm). The
substrates were then immersed in Piranha solution (7 parts H,SO4 (98%): three parts H,O,
(30%)) at 90-100°C for 30 min and then rinsed thoroughly with UHQ water (Caution:
Piranha solution should be handled with extreme caution as it can be explosive upon
contact with organic materials).

The substrates were then immersed in NaOH (0.5M) for 20min, HCI (0.1 M) for
10min and NaOH (0.5M) for 10min and rinsed with UHQ water between each
immersion. The substrates were then rinsed with HCI (0.1 M), water and then purged with
Ny(g) for 30 min.

The resonating flaps were cut using focused ion beam etching at beam energy of
30keV in a Dualbeam Strata 235 FIB/SEM system from FEI Co.

4.2.2. Formation of APTMS SAMs

The vapour deposition process used for the Si;sNy substrate modification with APTMS
involves the use of a glass vapour chamber as described previously [22]. The vapour
chamber consists of two parts with the top section consisting of a gas tap. The bottom
section of the chamber consists of an Al gauze, on which the Si;N4 substrates are placed,
and an inlet, in which a Subaseal stopper is placed allowing for the injection of APTMS.
After the SisNy substrates have been placed in the chamber, and the top section attached,
the chamber was purged with Ny,). The chamber was heated under vacuum, using a heat
gun, to encourage desorption of water adsorbed on the inside of the chamber. After the
chamber had cooled to room temperature, the APTMS liquid (2 mL) was injected through
the Subaseal, whilst the chamber was continuously evacuated for a further 30 min. The gas
tap was closed leaving the substrates in an atmosphere of APTMS vapour. After a further
30 min the vacuum was released and the substrates were removed from the chamber. The
modification of the SizNy substrates was performed at a deposition pressure of 168 mbar.

After the vapour deposition the substrates were removed from the chamber and rinsed
sequentially in EtOH, CHCI; and EtOH then cured in a vacuum oven at 120°C for 30 min.

4.3. Au nanoparticle adsorption studies

Aqueous solutions of NaOH (1 mM) (Fisher Scientific) and HCI (I mM) (37%, Fisher
Scientific) were prepared and used as stock solutions for the pH adjustment of the citrate-
passivated gold nanoparticle solutions. The pH values of the solutions were adjusted by
adding minimal amounts of the stock solutions to citrate-passivated gold nanoparticle
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solution (4mL) with the use of a micropipette. The pH values of the solutions were
monitored using a digital pH meter (IQ Scientific Instruments). The APTMS-modified
silicon nitride surfaces were immersed in one of the pH altered citrate-passivated
Au nanoparticle solutions for 2h and rinsed well with UHQ water and dried under
a stream of Ny(g).

4.4. Characterisation
44.1. AFM

AFM images were obtained using a MultiMode Scanning Probe Microscope (Veeco) and
the images analysed using Nanoscope I1I v5.12r software. All AFM images were obtained
by operating the AFM in non-contact mode with the use of RTESP — Tap300 Metrology
Probes (Veeco) (nominal spring constant =20-80 Nm~', nominal resonant frequency =
288-328 kHz).

4.42. XPS

XPS measurements were performed using a VG ESCALab 250 equipped with an Al Ko
X-ray source (1486.68 ¢V), which was operated at 15kV. Peak fitting and analysis of the
data was carried out using Avantage software. All XPS peaks have been fitted by setting
the Cls peak to 284.6¢V.
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Figure Al. Si2p spectra of APTMS modified Si;Ny substrates after immersion in aqueous solution
of citrate-passivated Au nanoparticles for 2h at five different values of pH. (Binding energy at

maximum counts is indicated on each spectrum).

Table Al. The resonant frequencies of the ‘flap’ resonator before any modification (Fp;), after
exposure of the resonator to APTMS vapour (Fg;) and then after subsequent immersion in citrate-
passivated Au nanoparticles (Fzs3). (The adsorbed mass, calculated from the frequency changes,

is also shown).

Resonant frequencies (kHz)

pH Fr Fgry* Frs Adsorbed mass (ng)
4 25.03 25.03 24.77 4.39
5 25.03 25.03 24.61 7.12
6 25.03 25.03 24.62 6.93

Note: *Fg; and Fg, were found to be the same value. Presumably this is due to the ‘flap’ resonator
not being sensitive enough to detect the mass increase of the adsorption of the APTMS thin film.



