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Ionic liquid ion sources have been proposed as a new type of ion source for focused ion beam and
broad ion beam applications. In this paper, the ionic liquid EMI-BF4 (1-ethyl-3-methylimidazolium
tetrafluoroborate) was used as an ion source to generate negatively charged ions and irradiate glass
(Pyrex 7740), silicon, and silicon dioxide targets. The results indicate that negative EMI-BF4 ion
beams can prevent issues related to surface charge accumulation on dielectric substrates, achieving
etching selectivities of SiO2:Si of at least 1.55. The etching rate increases on glass, silicon, and
silicon dioxide at higher ion landing energies. It is shown that the negative EMI-BF4 beam has a
higher yield than traditional metal gallium ion beams, likely due to the chemical reactivity of fluo-
rine radicals. This effect is also noticeable when compared to results using positive EMI-BF4
beams. © 2018 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1116/1.5034131

I. INTRODUCTION

Most ion reactive machining, including focused ion beam
(FIB) milling, is applied to device fabrication, as well as mask
repair and modifications, where controlled material ablation
needs to be achieved, while preserving the quality of struc-
tures and patterns. Traditionally, FIB technology has relied on
liquid metal ion sources (LMISs), of which the most developed
and widely used is the gallium source.1 LMIS is also capable
of providing elements like As, B, Bi, and Si, when alloy
sources are used.2 In recent years, several new types of
sources have emerged, such as ionic liquid ion sources
(ILISs), gas field emission ion source, and liquid metal alloy
ion sources, thus expanding the application field of FIB.3

ILISs can produce ion beams by field evaporation from
room-temperature ionic liquids.4 These substances are mix-
tures of positive and negative ions, which can be organic
molecules or inorganic, including monoatomic, species. Ionic
liquids have a negligible vapor pressure, low surface tension,
and electric conductivity of the order of 1 S/m, which makes
them suitable for electrostatic stressing that triggers ion evap-
oration.5–7 When the ionic liquid wets a microtip emitter and
is subjected to a potential of 1–2 kV with respect to a down-
stream metallic extractor, the liquid will form a sharp menis-
cus. At the apex of the meniscus, electric fields of the order
of 1 V/nm induce ion evaporation from a near-point source.
ILISs are characterized by (1) narrow energy distributions,
(2) high brightness, (3) small source size, and (4) wide selec-
tion of molecular compositions driven by the hundreds of
ionic liquids available today, many of them including highly
reactive species, which make them very promising for
focused ion beam machining, broad-beam ion machining, or
other ion reactive machining applications.8,9

ILIS beams share some of the characteristics of LMIS that
are required for FIB applications. However, there are notice-
able advantages such as the presence of chemically reactive
species and the ability to produce pure ion emission with no
intervening droplets, making target contamination less of a
concern.10 Additionally, due to the low surface tension of
ILIS, they operate stably at significantly lower currents and
voltages than LMIS, potentially decreasing chromatic aberra-
tion, since the energy profiles of the emitted beams have
smaller distribution widths at lower currents.11 The variety of
available ionic liquids is immense, generating a collection of
new ions and clusters that could be extracted in a beam. ILIS
can produce either negative or positive ions by simply
reversing the polarity of the source. The operation of ILIS is
simpler than LMIS since it requires no heating and no
special ultrahigh vacuum handling. As mentioned before,
perhaps the most relevant advantage is the ability to bring
chemistry to the target surface in a selective fashion. Most of
the ions in ILIS beams include chemically active species,
making them ideal for reactive ion etching (RIE) without
introducing process gases. For instance, it has been found
that ILIS can etch silicon at higher rates than LMIS.9

In many materials processing applications such as FIB,
RIE, ion implantation, and ion lithography, positive ion
beams are commonly used. However, when working on
dielectric materials, positive ion beams will cause substantial
substrate charging. In FIB systems or other ion reactive
applications, substrate charging will deteriorate performance
by slowing down or stopping etching, potentially damaging
the materials and processes.12–16 Mitigation techniques, such
as electron flooding and plasma immersion, which can
provide an electron supply to the surface of the material,
have been used to reduce the charge buildup.17–20 However,
as the thickness of the oxide or other dielectric layer
decreases, such as the gate oxide in large-scale integrateda)Electronic mail: plozano@mit.edu
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circuit production, the charging problem becomes more and
more severe. Since negative ion irradiation is intrinsically
less prone to charging, it is expected to eliminate the need
for conventional external charge neutralization.21

Compared to positive ion beams, negative species have
merits for achieving a low charge-up voltage of substrates,
without the aid of external neutralizing sources. Monte Carlo
simulations have shown a dramatic reduction in the charging
voltage of substrates when irradiated with negatively charged
ions.22 As seen in the previous studies, the magnitude of the
charging voltage is less than 10 V even for 40 keV negative
ions arriving at a dielectric substrate without any charge neu-
tralization.23 The charging voltage is low because the nega-
tive charges carried by the incident ions are compensated by
the negative charges moving away due to the secondary elec-
tron emission. Therefore, negative ion beams are expected to
be quite an effective technique for charge-free ion beam
applications. Several negative ion beam sources have been
explored and tested in the past, including species like Cu−,
C−, O2

−, Si−, B2
−, P−, O−, and F−.24 Most of them are gener-

ated from reactive gas or field ionization sources, and there
are few reports on ionic liquid negative sources.

The aim of this work is to study whether negative ionic
liquid ion sources could prevent dielectric material charging
while maintaining stable irradiation. A negative ion beam
source based on the ionic liquid EMI-BF4 (1-ethyl-3-methyl-
imidazolium tetrafluoroborate) is used to irradiate glass
(Pyrex 7740), silicon, and silicon dioxide substrates. Etching
rates are measured and discussed at different ion energies,
including some preliminary determination of the roughness
of etched and native target surfaces. Etching selectivity and
etching yield of glass, silicon, and silicon dioxide are investi-
gated and discussed to reveal more characteristics of negative
ionic liquid ion sources.

II. EXPERIMENT

A. Ion beam setup

The experimental setup includes a porous xerogel carbon
tip as the ion emitter, an extractor, and a target holder, which
is indicated in Fig. 1. The tip is aligned visually in the center
of the extractor aperture. The extractor electrode in these
tests is a 1.45 mm diameter aperture, which is placed 2 mm
away from the carbon tip. The target holder holds up to four
samples, mounted in a manual translational stage so that the
targets (substrates) can be irradiated consecutively without
breaking the vacuum. In Fig. 1(b), the target holder is at the
inspection position, and it is rotated to face the ion gun
during irradiation tests. The distance between the target
surface and the emitter is about 23 mm.

The ion emitter (Fig. 2) includes mainly three parts: a
carbon xerogel tip, a distal electrode, and a Teflon container.
The Teflon cylindrical container has two cavities: one to
hold the carbon tip and another acting as a reservoir that
includes the distal electrode contact. In order to isolate elec-
trically the distal contact from the carbon piece with the tip,
a piece of fiberglass is used as a spacer. The distal electrode

is made of carbon xerogel as well, with a platinum wire
embedded in it. The carbon xerogel has high porosity,
which creates a large surface area, delaying the onset of
electrochemistry.25

B. Experimental processes

The carbon xerogel tip (Fig. 3) is fabricated by laser micro-
machining.26 The piece of carbon xerogel holding the tip has
a base that fits into the Teflon container. The other end of the

FIG. 2. Diagram of the carbon xerogel ILIS structure, which contains a
carbon xerogel tip, a distal electrode, and a Teflon container.

FIG. 1. (a) Diagram of the ion gun setup with a porous xerogel carbon tip.
(b) Picture of the real setup in the vacuum chamber.
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piece is trimmed to a smaller diameter (about 1.6 mm) to
reduce the amount of material that needs to be removed by
the laser process. The surface of this piece is exposed to an
excimer laser beam, obtaining a structure roughly 300 μm in
height with a 10 μm radius of curvature at the top. More
details about the fabrication and properties of these sources
can be found elsewhere.27

During the tests, a copper mask (shown in Fig. 4) is
attached to the substrate with a silver bond. A multiplicity of
130 μm square holes on the mask allow the ILIS beam to go
through, while the mask material will protect the substrate
during beam irradiation.

In the experiments, the emitter is grounded, while the target
holder and extractor are biased separately. The carbon emitter
is in series with a 1MΩ resistor. A multimeter measures the
potential difference between the two ends of the resistor, Vr.
Thus, the emitting current can be calculated as follows:

Ie ¼ Vr

Rr
þ Vr

Rm
, (1)

where Ie is the current throughout the emitter, Vr and Rr are

the voltage and resistance of the resistor, respectively, and Rm

is the internal resistance of the multimeter.
Since the emitter is grounded, the voltage of the emitter

Vt ¼ Vr, which is negligible compared to other voltages in
the setup. The voltage applied to the extractor is Ve, and the
emission voltage (Vem) is given by

Vem ¼ Vt � Ve � �Ve: (2)

The voltage applied to the samples on the target holder is Vs,
and the landing energy of the beam (Eb) is given by

Eb ¼ e(Vs � Vt) � eVs, (3)

where e is the elementary charge, assuming ions are singly
charged. Since the chamber is pumped to high vacuum
during tests, the resistance between the tip and the target
holder is much higher than Rr, so

Eb � eVs: (4)

Two power supplies (Bertan Company) are used in the tests.
One (Bertan 205B-5R) connects to the extractor and can be

FIG. 3. SEM scanning of laser-cut carbon xerogel tip at different magnifications; the tip is ∼300 μm in height with an ∼10 μm radius of curvature at the top.

FIG. 4. Copper mask under the microscope. (a) The picture shows the mask attached to the glass substrate with a silver bond; the glass is just beneath the mask,
but the glass is transparent under the camera. (b) Zoom-in picture of the copper mask with an array of 130 μm square holes.
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adjusted from −5 to 5 kV, and the other (Bertan 205B-10R)
generates a voltage from −10 to 10 kV and is connected to
the samples on the target holder.

In these experiments, EMI-BF4 is used as the ionic liquid
for the ion source. This liquid can generate cations: EMI+,
(EMI-BF4)EMI+, and (EMI-BF4)2EMI+, or anions: BF4

−,
(EMI-BF4)BF4

−, and (EMI-BF4)2BF4
−, according to the polar-

ity of the electric field.27 Table I shows relevant physical
properties of EMI-BF4.

To achieve stable emission, Ve is maintained at 1.60–
1.65 kV, with an emitting current between 0.45 and 0.55 μA,
as calculated through Eq. (1), with Rr = 0.998MΩ and
Rm = 9.999MΩ.

The objective of the first experiment is to verify whether
negative ions can prevent dielectric substrates from charging
during etching on glass (Pyrex 7740) substrates. Vs is set to
±4 kV for positive and negative ion beam production. In
addition, in order to compare ILIS etching rates under differ-
ent ion energies, Vs is set to 2, 4, 6, 8, and 10 kV in a nega-
tive mode in separate experiments. The detailed experimental
settings are shown in Table II.

For a different set of tests, the substrate is changed to a
silicon wafer with silicon dioxide layers grown by wet
thermal oxidation on both sides. The top side layer is pat-
terned by a standard micro electro mechanical system
(MEMS) lithography process, in which 2 μm thick coating of
SPR-700 positive photoresist is deposited on the silicon
dioxide surface. Next, using a mask aligner (EVG 602), the
pattern is transferred onto the photoresist, exposing some part
of silicon dioxide. A BOE (buffered oxide etch) solution,
mixed with HF and NH4F (7:1), is used to remove the
exposed silicon dioxide. Stripping of the residual photoresist
proceeded with Piranha solution (mixed by H2SO4 and H2O2)
(3:1), followed by cleaning of the substrate using deionized
water. This process results in an interlaced pattern of exposed
silicon and silicon dioxide on the topside of the substrate.

These experiments are restricted to negative polarity. Vs is
set to 8 and 10 kV in separate runs to test the selectivity of
silicon/silicon dioxide under negative EMI-BF4 ion beams.
The detailed settings are summarized in Table III.

All tests are performed at vacuum levels below 10−6 Torr.
During the irradiation, the voltage difference across the resis-
tor connected to the tip is recorded every 30 s through a
multimeter and then transformed into the emitted current
using Eq. (1). An atomic force microscope (AFM, Digital
Instruments Dimension 3000) is used to measure the etching
depth and surface roughness of test samples.

III. RESULTS AND DISCUSSION

A. Negative ion irradiation on glass (Pyrex 7740)
substrates

The voltage of the extractor is increased at a rate of about
20 V per second until generating a potential difference
between the (grounded) emitter and the extractor adequate
for emission. The potential is set to values between 1.6 and
1.65 kV, to ensure stable emission. The voltage of the target
holder is increased as well, thus defining the ion landing
energy.

The copper mask lies beneath the ion gun. However, the
exact location of the mask with respect to the center of the
beam impact is not entirely known. In addition, glass sub-
strates are transparent, making it difficult to visually localize
the impact of the beam after running tests. In addition, ILIS
beams have a nearly parabolic distribution, so substrates will
etch faster in the center than the edge of the beam.4,7 These
effects make it hard to determine the precise ion flux at a
given location on the substrate. Therefore, two observation
points are selected on each substrate and are then examined
using AFM, so differences can be contrasted. Point A is near
the center of the mask, and Point B is at the edge of the
mask. Six glass samples are tested with Table IV showing
the experimental parameters and etching results for these
tests (Fig. 5). The etching depth is taken as the average
depth of Points A and B on each sample, and we define the

TABLE I. Physical properties of EMI-BF4 (20 °C) (Ref. 28).

Formula
Conductivity

(S/m)
Surface tension

(dyn/cm)
Density
(kg/m3)

Viscosity
(Pa s)

Electrochemical window
(V)

C6H11N2
+BF− 1.36 45.2 1.24 0.038 4.5

TABLE II. Setup for glass substrates.

Test
number Polarity

Ve
(kV)

Vs

(kV)

Landing
energy
(keV)

Total emitting
time
(min)

1 Negative 1.6 2 2 60
2 Negative 1.65 4 4 60
3 Negative 1.65 6 6 60
4 Negative 1.65 8 8 60
5 Negative 1.65 10 10 17
6 Positive −1.3 −4 4 75

TABLE III. Setup for Si/SiO2 substrates.

Ion
polarity

Ve
(kV)

Vs

(kV)

Ion landing
energy
(keV)

Total emitting
time
(min)

Negative 1.64 8 8 60
Negative 1.63 10 10 60
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etching rate (Re) as

Re ¼ De

Te � I , (5)

where De is the etching depth, Te is the time of irradiation,
and I is the irradiation current.

While current remains mostly steady, there are small fluc-
tuations in the current measurement, so the value used in
Eq. (5) is the average over a moving window computed
every 30 s. Furthermore, the AFM measurement has an error
of ±0.1 nm. The maximum and minimum etching rates were
determined by combining the average currents and etch
depth variations and are shown in Table IV and Fig. 6.

The difference between negative and positive irradiation
can be appreciated by comparing test numbers 2 and 6
(shown in Table IV), both having a landing energy of 4 keV.
Test 2 is under negative polarity, while Test 6 is under posi-
tive ion beam irradiation. The positive ion beam produces
significant substrate charging while the negative ion beam
does not. Evidence of this can be found on the hour-long
stability of the emitted current shown in Fig. 6 at 4 kV in the
negative mode and the increased etch rate. In contrast, emis-
sion in the positive mode shows significant fluctuations
during the irradiation, with a general trend towards lower
currents with the source stopping its emission after 75 min.
While there are slight differences in other experimental con-
ditions, it is clear from Fig. 7 that the etch rate with negative
irradiation [0.979 nm/(μAmin)] is significantly higher than
that from positive ions [0.414 nm/(μA* min)].

The relatively low etching rates in the positive mode are
likely due in part to charge accumulation on the dielectric
substrate during irradiation. Positive ions arriving at the
dielectric sample will deposit their charge, thus increasing
the overall level of the electric potential. At the same time,
electrons produced via secondary emission will be unable to
leave the positively charged sample surface, thus becoming
ineffective in curtailing the increase in potential. The devel-
opment of this potential will then slow down or repel

incoming positive ions, resulting in reduced etching rates
and possibly affect the stability of the ILIS as it could be
bombarded with a fraction of these repelled species. When
the dielectric sample is irradiated by negative ions, the elec-
tric potential will be incapable of increasing (negatively)
since secondary electrons will readily leave the sample
surface. The negative bias of the ILIS would also prevent
backstreaming of secondary electrons, likely contributing to
its stability. Under such conditions, a charging free situation
could be achieved on dielectric materials.29

The effect of landing energy on the etching rate using
negative ions is very distinct as shown on test numbers 1–5
in Table IV. It is clear that the etching rate increases (as
shown in Fig. 7) with the increase of ion landing energy.
This phenomenon may be caused by two reasons. Firstly,
with higher ion landing energy, the ion’s bombardment on
the substrate surface will be more intense; thus, more mate-
rial will be removed by this physical reaction. This should be
the main reason for the increase in etching speed. Secondly,
the additional electric field, from the extractor to the sample,
will accelerate the ions axially but does not alter their radial
velocity. So, changes of Vs will influence the beam half-
angle. Equation (6) shows the relationship between beam
energy E/E0, and corresponding beam half-angle α/α0 (the
definition of beam half-angle α is indicated in Fig. 1):

α0

α
¼

ffiffiffiffiffi
E

E0

r
: (6)

The beam half-angle will decrease at higher ion energies,
increasing the ion density at the target. This means that there
will be more ions having physical reaction (ion bombard-
ment) as well as chemical reactions (fluorine radicals react-
ing with silicon-based compounds) that eventually would
lead to higher etching rates.

The roughness of etched surfaces is shown in Table V.
These results indicate that the roughness of glass substrates
decreases slightly compared to the native surface. A similar
observation has been reported by Takeuchi et al.,30 with the

TABLE IV. Experimental conditions and etching results for glass substrates.

Test number 1 2 3 4 5 6

Ion polarity Negative Negative Negative Negative Negative Positive
Vt (kV) 0 0 0 0 0 0
Ve (kV) 1.6 1.65 1.65 1.65 1.65 −1.3
Vs (kV) 2 4 6 8 10 −4
Ion landing energy (keV) 2 4 6 8 10 4
Average current (μA) 0.4444 0.5532 0.5507 0.5705 0.5276 0.4668
Maximum average current (μA) 0.4447 0.5533 0.5508 0.5718 0.5296 0.4719
Minimum average current (μA) 0.4442 0.5532 0.5504 0.5701 0.5258 0.4598
Etching time (min) 60 60 60 60 17 75
Etching depth (nm) 3.6 ± 0.1 32.5 ± 0.1 55 ± 0.1 65.5 ± 0.1 21.5 ± 0.1 14.5 ± 0.1
Average etching rate [nm/(μAmin)] 0.135 0.979 1.664 1.914 2.397 0.414
Maximum etching rate [nm/(μAmin)] 0.1388 0.9822 1.6685 1.9179 2.4165 0.4234
Minimum etching rate [nm/(μAmin)] 0.1312 0.9760 1.6612 1.9062 2.3769 0.4069
Detailed AFM results Fig. 5(a) Fig. 5(b) Fig. 5(c) Fig. 5(d) Fig. 5(e) Fig. 5(f)

052601-5 Xu, Tao, and Lozano: Etching of glass, silicon, and silicon dioxide using negative ILISs 052601-5

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena



ionic liquid 1-butyl-3-methylimidazolium hexafluorophos-
phate when irradiated on glass and silicon surfaces. The
authors of that study believe that etching enhanced by Si-F
reactions together with the implantation of P, N, and C
species is the probable cause of the smoothing. This phe-
nomenon may ensure a good surface morphology and also
extend ILIS applications in micropolishing processing.

Moreover, a silicon nitride membrane window grid, manufac-
tured by SPI Supplies, is used as the mask in the 10 kV negative
mode test. The grid is patterned with 2 μm-diameter holes. The
irradiation produces an etching uniformity similar to the 130 μm
square mesh patterns. This suggests that the irradiation process is
not affected by the size or the pattern of the mask, thus having
potential applications for sub-, micro- or even nanoscale masks.

FIG. 5. AFM scanning results of EMI-BF4 ion irradiation with different ion landing energies. [(a)–(e)] Negative ion irradiation with ion landing energy from 2
to 10 keV. (f ) Positive ion irradiation with ion landing energy at 4 keV. AFM measurements are taken along with the blue lines shown in the sample.
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B. Negative ion irradiation on Si/SiO2 substrates

Silicon and silicon dioxide are the most widely used
materials in MEMS technology. Both sides of a silicon wafer
usually need to have a layer of silicon dioxide in MEMS pro-
cesses. While silicon is a semiconductor (usually 0.001–100
Ω cm), silicon dioxide on the wafer creates a high resistance
layer, essentially turning this kind of substrate into a dielec-
tric material. Charging may occur on this kind of substrate
during a positively focused ion beam irradiating process. The
aim of this section is to test etching rates, selectivity, and
surface finish with ILIS negative ions irradiating silicon/
silicon dioxide substrates.

Thermal oxidation is used to grow a 130 nm thick layer of
silicon dioxide on both sides of a silicon wafer. On the top
side of the wafer, silicon dioxide is patterned (shown in
Fig. 8) by a standard BOE wet process (the detailed recipe is
described in Sec. II). A copper mask patterned with 130 μm
squares is attached on the substrate during the ILIS irradia-
tion tests. The patterns on silicon dioxide and the copper
mask overlap to some extent, thus defining four different
regions: (A) masked silicon dioxide, (B) exposed silicon

dioxide, (C) masked silicon, and (D) exposed silicon. After
the ILIS irradiation, the exposed silicon dioxide (B) and
exposed silicon surfaces (D) are etched by the beam (shown
in Fig. 9).

The distance between the emitter and the sample is 23.3
mm. The emitter is grounded and Ve is set at 1.65 kV to
create a stable emitting current. Ion landing energies of 8
and 10 keV were chosen for these tests. As mentioned previ-
ously, ILIS beams have a nearly parabolic distribution, thus
etching proceeds faster in the center than the edge of the
beam.4,7 Three points are measured on test number 7 (ion
landing energy of 8 keV). Point X is near the edge of the
beam, Point Y is located in the middle of the mask, and
Point Z is close to the beam center. Similarly, two points are
measured on test number 8 (ion landing energy of 10 keV),
where Point α is near the edge of the beam and Point β is
close to the beam center, as shown in Fig. 10.

In Test 7 Point Z and Test 8 Point α/Point β, the silicon
dioxide etching depth is greater than the silicon dioxide
thickness. This means that silicon dioxide has been totally

FIG. 6. ILIS irradiation current on the glass substrate at different ion landing
energies. The current is stable during the negative ion irradiation but experi-
ences significant fluctuations during a positive ion irradiation. Negative ions
have a positive ion landing energy as the target is biased positively.

FIG. 7. ILIS etching rates on Pyrex 7740 glass substrates using negative ions.
Irradiation at 4 kV shows a significantly higher etching rate compared to pos-
itive ions.

TABLE V. Surface roughness of glass substrates after etching.

Test number Ion polarity
Ion landing energy

(keV)
Test area
(μm2)

Native surface roughness
(Ra/nm)

Etched surface roughness
(Ra/nm)

1 Point A Negative 2 30 0.606 0.572
Point B Negative 2 30 0.698 0.581

2 Point A Negative 4 30 0.644 0.507
Point B Negative 4 30 0.646 0.551

3 Point A Negative 6 30 0.586 0.51
Point B Negative 6 30 0.574 0.497

4 Point A Negative 8 30 0.640 0.435
Point B Negative 8 30 0.518 0.476

6 Point A Positive 4 30 0.646 0.428
Point B Positive 4 30 0.596 0.548
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removed as well as some silicon beneath it (Table VI and
Figs. 11 and 12).

The experimental parameters and etching results for these
tests are showed in Table VI and Figs. 11 and 12. As
expected, the etching rates of silicon and silicon dioxide
increase with ion landing energy. However, an interesting
phenomenon is observed, in which silicon dioxide is
removed faster than silicon. These measurements show that
the selectivity in etching silicon dioxide over silicon with
an EMI-BF4 ILIS is higher than 1.5. In addition to the
mechanical effect of ion bombardment, the reactivity of F ions
will have a chemical role in the etching process. However, the
silicon oxide/silicon etching selectivity should be near 1 if
only pure F atoms were involved. According to the study of
Simko,31 hydrogen can help to build up a fluorocarbon film
on silicon surfaces which will protect silicon against etching.
Moreover, this film can also absorb fluorine radicals, thus
decreasing fluorine concentration at the silicon surface.
Therefore, hydrogen will increase the silicon dioxide/silicon
etching selectivity in the fluorine etching process.

This suggests that the hydrogen-rich environment in
EMI-BF4 (C6H11N2

+BF−) could lead to the high silicon
dioxide to silicon selectivity observed here, with the concen-
tration of hydrogen perhaps influencing the selectivity. The
vast number of available ionic liquids has the potential to
enable the tailoring of etching properties, including selectiv-
ity, for a number of specialized applications.

Comparing the results of Test 7 (Point Z) with those of
Test 8 (Point α), the etched silicon depth for an ion landing
energy of 8 keV is higher than that of 10 keV, while the
removed silicon dioxide thickness is almost the same. This
indicates that the silicon dioxide/silicon selectivity has the
potential to increase at higher ion landing energies.

These observations could contribute to the increase of
flexibility in MEMS fabrication technologies. In most silicon
dry etching processes, such as those commonly used in RIE/
deep reactive ion etching (DRIE) machines, silicon dioxide
usually acts as a mask to etch silicon. When a layer of silicon
dioxide needs to be etched, HF-based wet processes are then
applied. However, wet processes are isotropic and can lead to
contamination problems. In some MEMS devices with multi-
layer bonding and complicated structures, isotropic etching
becomes cumbersome in the selective removal of silicon
dioxide. Currently, the alternative solution is reactive ion dry
etching systems, commonly using CF4 or CHF3 chemicals,
which can prevent contamination and achieve anisotropy.
However, compared to reactive ion etching systems, which
require at least two radio frequency power sources, an ILIS
irradiation system only needs a direct-current power supply,
no working gases, and practically no ionization volume,
leading to possible processing benefits, including higher reli-
ability, small size, low cost, and process flexibility given the
apparent control of etching rates and selectivity.

In summary, ILISs using EMI-BF4 or other ionic liquids
operating in the negative mode may hold significant potential
in future MEMS or nano electro mechanical system fabrica-
tion technologies, by providing etching anisotropy and the
ability to dry etch silicon dioxide using silicon as a mask with
the etching speed adjustable with the ion landing energy.
Combined with conventional silicon dry etch processes, ILISs
may fulfill the manufacturing demand of some delicate
SOI-based MEMS devices, such as the fabrication of glass
mirrors in micro-opto-electro-mechanical-system, poly-silicon
membrane etching process in MEMS microphones, and the
release process in accelerometers or other MEMS devices.

C. Etching yield for negative ion irradiation

The yield (number of target atoms removed per incident
ion) can be calculated from the measured etch depth and the
beam current and spread. The etching yield Y is defined by

FIG. 8. Silicon dioxide pattern after the BOE wet process. The silicon dioxide
has light blue color under the microscope, while the exposed silicon is white.

FIG. 9. Etched pattern after ILIS irradiation on Si/SiO2 substrates, creating four regions: masked silicon dioxide (A), etched silicon dioxide (B), masked silicon
(C), and etched silicon (D).
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the ratio of the number of atoms removed to the ion dose on
a reference area

Y ¼ Nr

Id
, (7)

where Nr is the number of removed atoms and Id is the ion
beam dose. To calculate the ion dose, the beam profile and
beam half-angle are required. In the previous work,4,7,32 it
has been found that ILIS beams have a nearly parabolic dis-
tribution (as shown in Fig. 13)

f (θ) ¼ 3
2α0

1� θ

α0

� �2
" #

, (8)

where α0 is the beam half-angle and θ is the angular
coordinate.

The beam half-angle for the beam current of 450 nA and
= 2.0 keV beam energy is measured to be approximately

20°.4 The beam half-angle at higher energies can be calcu-
lated by Eq. (6). For instance, the beam half-angle at 4 keV
is 14.4°, at 6 keV is 11.9°, at 8 keV is 10.3°, and at 10 keV is
9.2°. With these beam angles, the doses on the sample can
be computed.

Spherical coordinates are used to calculate the ion dose
over a reference area. Given the parabolic beam distribution
f (θ), the total emitting current It becomes

It ¼ h

ð2π
0

ðα0
0

f (θ)r2sinθ dθdw, (9)

where r is the distance from the emitting point to the edge of
impact imprint on the target substrate and h is a scale factor
given by

h ¼ It
3πr2

� α3
0

α2
0 � 2α0 sin α0 � 2 cos α0 þ 2

: (10)

TABLE VI. Test parameters and etching results for Si/SiO2 substrates.

Test number

7 8

Point X Point Y Point Z Point α Point β

Ion polarity Negative Negative Negative Negative Negative
Vt (kV) 0 0 0 0 0
Ve (kV) 1.64 1.64 1.64 1.63 1.63
Vs (kV) 8 8 8 10 10
Ion landing energy (keV) 8 8 8 10 10
Average current (μA) 0.526 0.526 0.526 0.490 0.490
Etching time (min) 60 60 60 60 60
Silicon dioxide etching depth (nm) 90 103 147 (131SiO2 + 16Si) 143 (132SiO2 + 11Si) 230 (131SiO2 + 99Si)
Thermal oxide layer thickness (nm) 131 130 131 132 131
Silicon etching depth (nm) 58 63 83 74 157
Silicon dioxide etching rate [nm/(μAmin)] 2.85 3.26 — — —

Silicon etching rate [nm/(μAmin)] 1.84 2.00 2.63 2.52 5.34
Silicon dioxide/silicon selectivity 1.55 1.63 1.95 2.10 2.26
Detailed AFM results Fig. 11(a) Fig. 11(b) Fig. 11(c) Fig. 12(a) Fig. 12(b)

FIG. 10. ILIS irradiation impact and measured points on Si/SiO2 substrates. The inner dashed circle is irradiation impact, and the outer dashed circle bounds
the copper mask impact on the substrate.
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The ion beam dose is calculated by

Id � h � f (θ) � Ar � T , (11)

where Ar is the reference area and T is the ion irradiation
time. The dose is calculated both at the center of the beam
and at a location 1.5 mm away from the edge of the beam.
From these two dose values, it is possible to obtain lower
and upper bounds on etching yields for these materials.

The number of removed atoms is given by

Nr ¼ nc � AR � d � ρ � NA

A
, (12)

where nc is the number of atoms in the crystal cell, Ar is the
reference area (Ar = 1 μm2 in this calculation), d is the etched
depth, ρ is the target density, NA is Avogadro’s number
(6.02 × 1023), and A is the effective atomic mass of the

FIG. 11. AFM results of negative EMI-BF4 ion irradiation on silicon/silicon dioxide substrates with an ion landing energy of 8 keV. (a) Point X, (b) Point Y, (c)
Point Z.

FIG. 12. AFM results of negative ion irradiation on silicon/silicon dioxide substrates with an ion landing energy of 10 keV [Point α is shown at the top (a) and
Point β is shown at the bottom (b)].
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material in one unit cell of the target. Table VII shows prop-
erties of silicon, silicon dioxide, and glass substrates used in
yield calculations.

The smallest etching yield is calculated at the center of
the beam. Also, the yield would result in higher values when
calculated near the edge if the copper mask is off-center.
Table VIII summarizes the etching yields calculated from
these experiments.

Livengood et al. reported etching yields on Si at 10 and
30 keV of 2.22 and 2.72, respectively, using a Gallium liquid
metal ion source.34 Orloff et al. showed that the sputtering
yield of Si for irradiation with Gallium ions at 30 keV beam
energy is around 2.2 From Table VIII, it is clear that the ILIS
system with EMI-BF4 as the source has higher etching yield.
In general, etching rates seem to depend on a combination of

physical bombardment and chemical factors. As ions arrive
to the substrate, the kinetic energy of these ions causes the
dislocation of atoms from the target, as well as the breakage
of chemical bonds in the incident ion, if any. This is the case
of EMI-BF4, in which free radicals may create new bonds
from materials released from the sample surface. Some of the
fluorine radicals could react with the sputtered particles to
create volatile species, thus accelerating material removal.

Yoshida and Saito performed 5 keV irradiation experi-
ments on Silicon with the ionic liquid EMI-BF4.

35 In tests of
Yoshida and Saito, a mass spectrometer detects Si-F gases,
confirming the chemical role of fluorine in the reactive
etching of silicon by the ILIS beam (Table IX).

Compare to the positive ILIS etching results as we
reported before (Table IX).27 It is clear that negative ILIS
etching has the potential to achieve higher etching yields.
Since the substrate is not necessarily dielectric, the improved
rates may be explained by the fact that there are more fluo-
rine radicals during negative irradiation. During the operation
of an ILIS with EMI-BF4, the cations (in the positive mode)
are mostly EMI+ monomers, (EMI-BF4)EMI+ and
(EMI-BF4)2EMI+, and the anions (in the negative polarity)
are mainly BF4

− monomers, (EMI-BF4)BF4
− and

FIG. 13. ILIS beam parabolic distribution.

TABLE VIII. Etching yields for negative ILIS irradiation.

Test number Substrate
Ebeam

(keV)
Depth etched

(nm)
Etching time

(min)
Center dose
(ions/μm2)

Edge dose
(ions/μm2) Y (center) Y (edge)

1 Glass 2 3.6 60 8.55 × 107 2.60 × 107 3.00 9.83
2 Glass 4 32.5 60 2.16 × 108 9.25 × 107 10.68 25.00
3 Glass 6 55 60 3.25 × 108 1.66 × 108 12.04 23.54
4 Glass 8 65.5 60 4.49 × 108 2.59 × 108 10.37 17.97
5 Glass 10 21.5 17 1.48 × 108 9.36 × 107 10.30 16.33
7
Point X

Silicon 8 58 60 4.49 × 108 2.59 × 108 6.46 11.20

7
Point Y

Silicon 8 63 60 4.49 × 108 2.59 × 108 7.02 12.17

7
Point Z

Silicon 8 83 60 4.49 × 108 2.59 × 108 13.22 22.92

8
Point α

Silicon 10 74 60 5.24 × 108 3.30 × 108 7.07 11.22

8
Point β

Silicon 10 157 60 5.24 × 108 3.30 × 108 15.00 23.79

7
Point X

Silicon dioxide 8 90 60 4.49 × 108 2.59 × 108 13.27 22.99

7
Point Y

Silicon dioxide 8 103 60 4.49 × 108 2.59 × 108 15.18 26.31

TABLE VII. Values of nc, ρ, and A of target materials.

Material nc ρ (kg/m3) A

Silicon 1 2329 28
Silicon dioxide 3 2200 60
Pyrex 7740 glassa 3.3 2230 62.3

aThe compositions of Pyrex 7740 glass are 80.7% SiO2, 13.0% B2O3, 4.0%
Na2O, and 2.3% A12O3 (Ref. 33).
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(EMI-BF4)2BF4
−. According to the previous work, monomers

contribute with a significant amount (about 50% or more) of
the total current.7 The ILIS etching process contains two
reactions: one is a physical reaction (ion bombardment)
which will be changed by different ion landing energies and
the other is chemical reactions (fluorine radicals reacting
with silicon-based compounds) where the speed is deter-
mined by the concentration of fluorine radicals. The higher
content of F atoms will increase the chemical reactivity
during silicon etching, thus explaining why negative ions
have higher efficiency in etching silicon substrates.

IV. SUMMARY AND CONCLUSIONS

Negative ILIS beams using EMI-BF4 as a source for
etching applications have been investigated. The experimental
results show that the negative ions can prevent substrate charg-
ing when irradiating glass or other dielectric materials, thus
ensuring a stable and uniform etching process. It has been
observed that the etch rate increases at higher ion landing
energy. Specifically, an etching rate of 2.129 nm/(μAmin)
was measured at 10 keV ion landing energy. Etching results
on silicon and silicon dioxide substrates also show increased
rates at higher ion landing energy. Silicon etching rates can
achieve 5.34 nm/(μAmin) at 10 keV using negative EMI-BF4
irradiation. Furthermore, the etching selectivity of silicon
dioxide to silicon also increases at higher landing energies.
A selectivity of 2.26 is found at 10 keV.

This investigation suggests that ILIS beams have higher
etching yields than traditional gallium LMISs. Furthermore,
compared to positive beams, negative ILIS beams show
higher yields. It is found that ILIS etching processes depend
both on physical reactions (ion bombardment), which are
affected by ion landing energy, and on chemical reactions
(fluorine radicals reacting with silicon-based compounds),
which change with the concentration of fluorine radicals.
Currently, each carbon xerogel tip is made manually and indi-
vidually, which leads to having intrinsic variations, making it
impractical to compare the experimental results on different
tips. Our next step is to control the geometry profiles, achiev-
ing identical current–voltage response for all tips. Then
perform experiments and test our theories on different tips.

ILIS etching systems may have some advantages over
existing FIB or other etching systems. (1) The simple and
robust ILIS irradiating mechanism and the possibility to
prevent substrate charging could enable smaller and cleaner
hardware, capable of working on multiple materials. (2) The
improved etch rates and yields, and the possibility to build

dense arrays of emitters to process broad areas36–38 for
higher throughput applications. (3) The ability to control the
silicon dioxide/silicon etch selectivity to values above unity,
thus complementing the capabilities of current DRIE tech-
nologies by adding processing flexibility. (4) The possibility
to eliminate surface roughness may find potential use in
material planarization applications, such as smoothing
optical elements or other delicate micro- or nanodevices.

Given the very large number of ionic liquids with different
compositions and properties, ILIS reactive etching machines
may be able to work on a variety of currently nontraditional
materials and achieve demanding requirements, opening new
avenues to micro- or nanofabrication technologies.
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