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Abstract

A microengineered alignment bench for a nanospray ionization system is
described. The bench combines a V-groove mount for a capillary-based
nano-ESI source with an extraction electrode and allows accurate axial and
transverse alignment of the capillary. An input channel and plenum for
nebulizer gas are also demonstrated. The structure is formed in two halves,
which are assembled by stacking. Electrically conducting features are
constructed by crystal plane etching, deep reactive ion etching and
metallization of silicon, while the insulating base is formed in a
photopatterned plastic. Low voltage (about 850 V) positive ion emission is
demonstrated using commercial nanospray (15 um ID) capillaries, with
total ion currents >10 nA. The structures are robust, and can survive
voltages >1 kV and immersion in common solvents. Mass spectrometry is
carried out using a commercial atmospheric pressure ionization instrument,

and high signal stability is demonstrated.

1. Introduction

Since the pioneering work of Dole [1], Fenn [2] and Wilm
[3], electrospray ionization mass spectrometry (ESI-MS) has
become a key analytical tool of biochemistry, especially
when combined with liquid chromatography (LC) or capillary
electrophoresis (CE). Early ESI-MS systems had capillaries
with inside diameters (IDs) of ~100 um, flow rates of 0.5—
5 pL min~! and extraction voltages of 2.5-4 kV. A steady
reduction in flow rates has led to the development of nanospray
systems based on tapered capillaries with IDs down to ~5 um
and operating in the low nL min~' range [4, 5]. Nanospray
systems are compared with electrospray in [6, 7] and reviewed
in [8-10].

Electrospray was studied in the early 1900s by Zeleny
[11]. The phenomenon depends on physical properties (the
conductivity o, dielectric constant ¢ and surface tension y of
the liquid), geometric properties of the ESI source and set-
up (the capillary internal radius R and the capillary-electrode
separation D) and operational parameters (the applied voltage
V and flow rate Q). In a classical paper, Taylor modelled
electrospray from a liquid cone with a fixed semi-angle of
49.3° [12]. Later studies have pointed out the theoretical
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modifications needed due the spray jet [13—15] and surface
charge [16, 17]. There is reasonable agreement amongst
predictions for scaling laws, namely that the threshold voltage
Vr for cone formation varies as Vp ~ (yD/gy)'/? [3], the
ion current I varies as I ~ (yQo/e)'/? [17], while the
radius 7 of the sprayed droplets varies as r ~ (Qseg/o)!/3
[16]. Decreasing the capillary-electrode separation decreases
voltages, while decreasing the flow rate alters the droplet
size and subsequent fission processes, and allows efficient
formation of ions with a high charge-to-mass ratio.

Nanospray capillaries are well understood, and may be
used with or without a gas flow to promote nebulization. They
are generally formed in fused tapered silica [18], have been
investigated uncoated (with an internal contact) [4, 19] or
coated with layers of Au [20], SiO,-coated Au [21], polyaniline
[22] or graphite [23]. The stability and analytical performance
of these coatings is compared in [24]. One consequence of the
low flow is the difficulty of maintaining a stable spray, and low-
cost nanospray components can require complex alignment
and monitoring systems [25].

Increasingly, attempts are being made to integrate
the components of CE-ESI systems. These efforts have
concentrated on the integration of the spray nozzle with other
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fluidic elements. Ramsey showed that a spray could be drawn
from a glass chip containing an etched capillary [26], and
Figeys combined a nozzle with sample and buffer reservoirs
[27]. One issue with glass substrates is their hydrophilic
nature, which allows the Taylor cone to spread as the flow rate
rises. Wetting may be controlled using hydrophobic polymers.
Licklider has demonstrated a parylene-coated silicon source
[28], and a large number of very similar emitters have been
made in different polymers including PDMS [29], PMMA
[30], polycarbonate [31] and cyclo olefins [32]. Some authors
have used closed channels, while others have used nib-shaped
or open channels [32-34]. Metal [35] and carbon fibre
[36, 37] emitters have also been investigated. Devices with
in-plane flow have been developed as one-dimensional (1D)
arrays, and devices with through-wafer flow as 2D arrays
[38-40]. A device with a microfabricated nebulizer was
recently demonstrated [41]. Microfluidic devices for CE-ESI-
MS are reviewed in [42].

In this paper, we take a different direction and consider the
application of integration technologies to low-cost alignment
of nanospray systems, particularly by combining a capillary
mount with a closely spaced ion extraction electrode and a
nebulizer to form a complete electrospray ion gun. Silicon
microengineering has long been used to construct miniature
optical benches, exploiting crystal plane etching [43, 44] to
form V-shaped alignment grooves for optical fibre connectors
[45] and transceivers [46]. Clearly, since capillary emitters
have similar forms and dimensions to fibres, it should be
possible to form alignment systems for the ion optics in
nanospray. However, several key technologies are needed
for this alternative application.

In the past, the feature-shape constraints of
crystallographic etching made it impossible to combine
V-grooves with suitable electrodes. High-density plasma
etching has removed this restriction, allowing arbitrary
shapes to be etched vertically in silicon [47]. Similarly,
electro-deposited resist now allows non-planar surfaces to be
patterned [48]. Finally, an epoxy-based photoresist, SU-8,
has provided a rugged photopatterned plastic [49]. As we
show here, it can provide electrical insulation capable of
surviving high on-chip voltages. Finally, wafer stacking and
bonding has allowed the construction of diaphragm electrodes
set up normal to the wafer plane, for example in a miniature
quadrupole mass spectrometer [50].

Here, we show how these techniques can be combined
to construct a chip-based alignment bench for nanospray
capillaries. The microbench provides a protective environment
for the capillary tip, and allows spray to be initiated at low and
consistent voltages using a self-aligned extraction electrode.
Nebulization is achieved using an on-chip gas delivery system.
The design concept and fabrication details are given in
section 2, and characterization and the results of experiments
carried out using the chip alone and with a commercial ESI
mass spectrometer are presented in section 3. It is shown that
high signal stability can be achieved, with weak dependence on
the position of the nanospray source. Conclusions are drawn
in section 4.
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Figure 1. Principle of a microengineered nanospray alignment
bench.

2. Design and fabrication

2.1. General construction

Figure 1 shows the construction of the microengineered
nanospray bench. The system is a stacked assembly of two
chips. The base plate carries an alignment groove for a
capillary, a partial extraction electrode, a gas inlet and plenum
chamber and (in the test structure shown) a detachable ion
collector. The top plate also carries a partial electrode. The
electrodes and alignment features are formed in silicon, and
the underlying structure in plastic.

Crystallographic etching of (100) oriented Si [43] is
used to form V-shaped grooves and indentations in the partial
electrodes, as shown in figure 2(a). Etching may be carried out
using standard solutions such as potassium hydroxide (KOH),
using SiO; as a mask [44]. The exposed (1 1 1) crystal planes
lie at an angle & = cos ™' (1/+/3) = 54.73° to the surface, and a
groove of width W, = d/sin(0) = d /(3/2) will seat a capillary
of diameter d = 2R with its axis lying in the wafer plane.
An over-etched groove will be self-terminating at its apex.
When two etched substrates are stacked together, the combined
indentations form diamond shaped pupils, whose width W, and
height H, = W), tan(0) = Wpﬁ may also be controlled using
variations in an initial groove width. Six-sided pupils more
closely approximating circles may be formed from under-
etched grooves.

A groove of sufficient depth to seat a standard nanospray
capillary (about 320 um OD) must be at least 160 pum deep.
Once the grooves have been etched, the wafer surface is
highly non-planar, and the conventional spin-coating methods
of depositing photoresist for any subsequent lithography can
no longer be used. Conformal resist layers may, however, be
deposited electrophoretically on a metal seed layer [48]. Such
layers have thicknesses that are less controllable than spin-
coated layers, and may not be patterned with high-resolution at
large depths. However, they are sufficient for many structures
with surface topographies several hundred microns deep.

Plasma etching is used to define the major silicon blocks
and the electrode layout. Near-vertical etching of silicon may
be carried out at high-rates (1-4 ,m min~') in an inductively
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Figure 2. Layout of a microengineered nanospray alignment bench: (@) in section and () in plan.

coupled plasma, using the cyclic process developed by Robert
Bosch GmbH, which involves alternating steps of passivation
using C4Fg and etching using SF¢ [47]. Photoresist and SiO;
are both suitable mask materials, and selectivities of >60:1 are
routinely obtained, allowing full wafer depths (e.g. 450 um
for a 100 mm diameter wafer) to be etched using photoresist
mask layers ~10 pum thick.

2.2. Die layout

Figure 2(b) shows a detailed die layout. The silicon layer
contains a capillary mount, an extraction electrode (or, more
generally, multiple electrodes) and associated bond pads, a
plenum chamber with a nebulizer orifice, and a detachable ion
collector. The plastic layer beneath contains a gas inlet channel
to the plenum and a fluid drain beneath the spray region. The
plenum is designed to create a co-axial gas flow by leakage
through the clearance between the capillary and the V-groove,
so that nebulization can take place on-chip in a small, well-
defined volume. Clearly, the overall scheme offers scope for
considerably more complex arrangements of electrodes and
gas and liquid channels.

2.3. Microfabrication process

The device is fabricated using a planar process based on
conventional silicon wafers. Figure 3 shows the main steps,
which involves three masks: mask 1—optical component

definition, mask 2—plastic substrate definition, and mask
3—electrode definition. Mask 1 is first used to define all
the V-shaped alignment and electrode pupil features, which
are transferred into the silicon by crystallographic etching
(step 1). Different OD capillaries can be accommodated by
altering the width of the mounting groove on this mask. The
wafer is turned over, and mask 2 is then used to define all
the underlying features in photosensitive plastic (step 2). The
wafer is turned over again, metallized, and patterned with
mask 3 (step 3), and the electrode features are transferred right
through the silicon substrate by deep reactive ion etching.
Finally, the dies are detached from the wafer and arranged
as wirebonded stacks on small PCBs (step 4). Nanospray
capillaries are then inserted into the alignment groove at the
desired axial position. If necessary, an insulated metal rod
may be inserted into the ion collector block as an alternative
detector.

2.4. Wafer processing

Prototypes were constructed for 320 um OD capillaries with
external conductive coatings. Variants with two different pupil
widths (W, = 200 um and W, = 300 pum) were fabricated.
Standard 100 mm diameter, 550 pum thick (100) oriented,
double-side polished Si wafers were first thermally oxidized
at 1100 °C to form a 0.5 pm thick SiO, layer. The front side
oxide was patterned using a UV mask aligner (IR 4000, Quintel
Corp, San José, USA) using mask 1, and then etched using
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Figure 3. Process for fabrication of a microengineered nanospray
alignment bench.

CHF;3, O, and Ar gases in a parallel plate reactive ion etcher
(Plasmalab 80*, Oxford Instruments, Bristol, UK) to define
a hard mask. The silicon was then anisotropically etched to
>200 pm depth using KOH.

After stripping residual oxide, a 300 um thick layer of
resist (SU-8 2100, Chestech, Rugby, UK) was spin coated
on the rear side of the wafer and patterned using mask 2 to
give a thick low-stress layer. The front side of the wafer
was metallized with 300 A Cr and 5000 A Au metal using a
vacuum coater (parallel-plate RF sputterer, Nordiko Technical
Services, Havant, UK). Photoresist (Shipley Eagle 2100 ED,
Chestech, UK) was deposited to form a conformal coating
over the V-grooves, and patterned to define the electrodes.
Exposed metal was removed by wet chemical etching, and
the pattern was transferred right through the silicon using
an inductively coupled plasma etcher (Surface Technology
Systems, Newport, UK). At this point, the overall device
structure consisted of isolated metallized silicon features on a
plastic under-layer, which now formed the substrate. Residual
resist and metal was then removed.

2.5. Die assembly

Dies were snapped out of the wafer by cleaving short sections
of silicon material, with essentially 100% yield. Figure 4(a)
shows a completed baseplate die. The crystal plane etch time
has been chosen so that the groove forming the electrode pupil
is etched to completion, while the capillary alignment groove
is only partly formed. Base plate dies were mounted on small
printed circuit boards and wirebonded. Top plate dies were
then aligned under an optical microscope and fixed in place
using conductive epoxy. Nanospray capillaries (silica tapertip,
New Objective, Woburn, USA) were then inserted. Electrical
connection to the exterior of the capillary is simply made by
pressure contact between the microengineered mount and the
conductive capillary coating. Replacement capillaries can be
slid into place in a few minutes, and there is sufficient play to
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Figure 4. SEM views of (@) baseplate die and (b) an assembled
nanospray alignment bench.

allow small variations in OD. Figure 4(b) shows a completed
device.

2.6. Initial assessment

The devices were mechanically robust. Despite the removal
of most of the silicon, the dies were flat and it was not possible
to detach the silicon from the plastic without breaking one of
the two. Chemical durability (particularly, of the plastic base)
was assessed, by immersing devices for 14 days in common
electrospray solvents (water, dilute acetic acid, methanol and
acetonitrile). No structural degradation was observed using
either an optical microscope or a SEM. Electrical performance
was also assessed, by applying a dc voltage between the
capillary mount and the extraction electrode using a high
voltage PSU (6515A, Hewlett Packard). Devices routinely
withstood voltages >1200 V in air.

3. Results and discussion

3.1. Electrospray

For spray experiments, the nanospray capillary was connected
toa 100 um ID capillary line via a union (Upchurch Scientific,
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Figure 5. (a) Experimental variation of threshold voltage Vi with capillary-electrode separation D, for different capillary and pupil sizes
(also shown is the theoretical square root law); (b) experimental variation of collected ion current / with voltage V, for different ID
capillaries; (c) spray jets before and after Taylor cone formation. No nebulizer.

Oak Arbour, USA). Spray fluid (a 5%—20%—75% acetic acid—
methanol-water mixture) was supplied using a syringe-pump
(100-CE, KD Scientific, Holliston, USA) at flow rates in the
range 1-40 uL h~' (17-670 nL min~"). The conductivity
was determined using a commercial conductivity meter (HI-
98130, Hanna Instruments, Leighton Buzzard, UK) as o
0.7 mS cm™!. Voltages were arranged for positive ion
production. Nebulizer gas was introduced by mounting the
PCB on a Perspex substrate carrying a drilled gas line, so that
gas passed through the PCB into the plenum and out through
clearances between the V-groove and capillary. The capillary
position and the spray were monitored using an optical
microscope with a video camera and a cursor measurement
system.

The design allowed accurate placement of the capillary tip
at a prescribed axial separation from the extraction electrode.
It was found that the syringe pump was required to fill the
capillary line, but that spray would occur under voltage alone
until the line was depleted. Once a spray had been initiated,
it could be stopped and restarted electrically, and continuous
spraying for several hours was demonstrated. The spray was
generally axial, but off-axis and chaotic sprays were observed
at very high voltages.

Nanospray was observed at low voltages. Figure 5(a)
shows the variation of the threshold voltage Vr for Taylor
cone formation with the separation D between the capillary

tip and the extraction electrode, for nanospray capillaries with
different internal diameters and pupils with different widths
W,. Here the flow rate Q is very low and no nebulizer gas
is used. Larger voltages are required as the capillary ID, the
pupil size and the separation between the capillary tip and the
electrode are increased. However, spray initiation at below
500 V is clearly possible for both sizes of capillary, and Vr
is less than 1 kV (standard for ESI) in all cases. The unusual
shape of the electrode pupil makes detailed comparison
with theory difficult. There is some evidence that the
threshold voltage follows the theoretical law Vr ~ D!/
[3] (superimposed on one set of data) but the agreement
deteriorates at separations approaching the pupil size.

Figure 5(b) shows measurements of the variation of the
total ion current / with voltage V, for capillaries spaced
480 pum from an extraction electrode with a 300 um pupil.
Here an additional bias of 50 V was applied using the
electrometer to ensure efficient ion collection. Data are shown
for capillaries with two different IDs. Electrospray takes place
only over a relatively small voltage range. The ion current
increases quasi-linearly from zero at low voltage, but then
rises much more rapidly. This behaviour was associated with
two different types of spray, as shown in figure 5(c). At low
voltages, emission was in the form of a pulsating ‘droplet’ at
the capillary tip. A Taylor cone with an extended jet formed
at a voltage corresponding to the knee of the /-V curve. A
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Figure 6. Experimental variation of collected ion current / with
(a) voltage V, for different flow rates Q; (b) flow rate Q, for different
voltages V. Nebulizer gas flowing.

larger threshold voltage is clearly required for the 15 um ID
capillary.

Larger currents were obtained using a nebulizer. The gas
used was N, at 10 psi; however, it was difficult to quantify the
flow because of leakage. Figure 6(a) shows the variation of
the ion current / with the voltage V obtained using a nebulizer,
for a 15 um ID capillary spaced 480 um from an extraction
electrode with a 300 wm pupil. Data are shown for different
flow rates; however, the flow rate appears to have little effect
on the threshold voltage. The change in vertical axis scale
from figure 5(b) should be noted. In each case, the ion current
saturates at high voltage. Similar results were obtained with
an insulated collector formed from a gold wire inserted into
a capillary, suggesting that the spray is axial. Higher ion
currents (up to 20 mA) were achieved with higher gas flows,
but the current was less steady.

Figure 6(b) shows the variation of ion current with flow
rate Q, for the 15 um ID capillary above, at different fixed
voltages V. The ion current varies as a power law of flow rate
I~ Q%[17] atlow flow, again saturating at high rates. However,
the exponent a appears to lie in the range 1/2 < a < 1, rather
than simply being fixed at a = 1/2. Lower ion currents (3 nA)
were achieved from smaller capillaries, at lower voltages
(600 V). Experiments were also carried out using larger
(30 um ID) capillaries, and ion currents of 16 nA were
achieved at 1.2 kV.
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3.2. Mass spectrometry

Mass spectrometry was carried out using a ZQ Micromass
ESI mass spectrometer (Waters Corp., Milford, USA). The
existing electrospray source was removed, and a nanospray
source (without an on-chip ion collector) was mounted directly
in front of the sampling cone on a three-axis stage, as shown
in figures 7(a) and (b). The nanospray source can be seen
mounted on a small PCB at the centre of the photograph. The
analyte was a calibration solution of Nal and CsI in water and
IPA, and the flow rate was 7 uL h~'. A 15 um ID nanospray
capillary was used, with N, nebulizer gas. Spray initiation was
detected by monitoring the current on the extraction electrode.
Approximately 100 nA was measured at a voltage of 800 V.
The combination of a small (50 V) dc voltage and the drag of
the inlet gas was used to couple ions into the ZQ. No feedback
was used to stabilize the ion signal. Figure 8(a) shows a mass
spectrum obtained with no drying gas or heating of the ZQ
vacuum interface, together with example peak assignments.
Similar, desolvated spectra were obtained with drying and
heating applied.

The ion current measured on the ZQ sampling cone
was extremely stable, and insensitive to the exact position
of the spray chip, which could be realigned manually while
measurements were carried out. Figure 8(b) shows the
variation of the total ion current (TIC) and the current obtained
at the highest mass peak, 132.9 amu (Cs*), under different
conditions. Initially (point A), the source was located on axis,
3.2 mm from the sampling cone. After 10 min (point B), the
source was moved axially by 2 mm, so that it now lay 5.2 mm
away. There is little reduction in signal strength, but some
improvement in signal-to-noise ratio. After 20 min (point C),
it was moved 2 mm off axis in the vertical direction, and after
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Figure 8. (a) Mass spectrum for Nal/CslI calibration solution
(1—Cs™*; 2—Na(Nal)*; 3—Na(Nal),*; 4—Na(Nal);*;
5—Na(Nal),*; 6—Na(Nal)s*™; 7—Na(Nal)4"); (b) variation of total
and selected ion current with time during stability experiments.

30 minutes (point D), a further 2 mm off axis in the horizontal
direction. In each case, there was no difficulty in obtaining a
signal, and the signal stabilized immediately.

In contrast, ion currents obtained with a bare nanospray
capillary depended strongly on the exact position of the
capillary with respect to the ESI-MS, and were extremely
unstable. The main reasons for the improved performance of
the chip-based system are shielding of the field generated by
the ESI-MS from the capillary by the ion extraction electrode,
and the use of a small, well-controlled volume for nebulization.

4. Conclusions

We have developed a novel miniaturized system for
passive alignment of nanospray capillaries, based on
a microengineered breadboard that locates the capillary
accurately with respect to an on-chip ion extraction electrode
and allows axial spray at well-defined voltages. The device
combines V-shaped alignment features and a diaphragm
electrode formed in metallized silicon with a plastic base
formed in thick photopatterned resist. Fabrication is carried
out on standard silicon wafers using a batch process. The
process is extremely flexible and has the potential to allow
other electrode arrangements, for example for deflection of the
spray. These electrodes may be provided without additional
cost.

The alignment bench is mechanically and chemically
robust. The plastic substrate provides excellent electrical
isolation and contains features for gas injection and drainage.
Electrical characterization has been carried out over a range of
capillary diameters using devices with an on-chip ion collector.
The system sprays at low voltage and has operated reliably over
extended periods. ESI-MS experiments have been carried out
with an atmospheric pressure ionization mass spectrometer.
Stable ion currents are achieved, and the signal is only weakly
dependent on the source position with respect to the sampling
cone.
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