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Abstract: Micro-Faraday cup array (MFCA) detectors are used for the
detection and analysis of incident ion particles with greater stability and
precision. New and simple micro FCA structures have been designed and
fabricated considering the application in mass spectrometry and laser plasma
techniques. MFCA structures were fabricated using UV lithography followed
by deep reactive ion etching (DRIE). The UV lithography process was utilised
for fabrication of micro-Faraday cup array structure in photoresist (AZ4903)
deposited on n-type silicon substrate. After that DRIE process was used for
creating array pattern in silicon. Ultimately 1 x 16 arrays having 25 um widths
with 125 pm spacing were fabricated. Maximum depth achieved with DRIE
process was 16 pm. Exposure time of lithography was found to be reduced by
110% using UV-LED source for these structures. Effects of etch cycle time on
cup depth and sidewall angle have also been discussed.
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1 Introduction

Conventional Faraday cup is the basic and classical type of ion detector used in the ion
mass spectroscopy, electron microscopy, wave tube guns and laser-plasma technologies
(Prokupek et al., 2014; Birkinshaw, 2002). Faraday cup ion detectors have been used in
ion mobility spectrometry which has defence applications related to detection of
explosives and chemicals (Eiceman et al., 2004). These ion detectors have typical
cylindrical cup structure with dimensions in few mm. The flux of incoming charged



Micro-Faraday cup array structures fabrication in silicon 39

particles based on their ‘mass and charge’ is to be calculated using this detector. Once
ions have been separated according to their ‘mass and charge’ values by the mass
analyser, they are detected. Thereafter, the resulting signals are amplified and stored
(Darling et al., 2002).

In order to improve resolution, ion collection efficiency and to reduce ions detection
loss, the miniaturised array form of Faraday cups are developed. They are termed
as Micro-faraday cup array (FCA). They are in an array form ranging from
1 x 16 to 1 x 256 (Darling et al., 2002; Bower et al., 2007). Since these are multiple cups,
it requires multiple circuitries for charge measurement to acknowledge the response from
every cup. In order to get the response from each cup, FCA structures are to be formed as
metal-oxide-semiconductor (MOS). By making MOS structure, it is possible to store and
detect charge from every cup one by one. These micro FCA structures are designed based
on the radius of deflection of incoming ions. The radius of deflection of the incoming
charged particles (ions) is that radius through which the ions deflect while travelling
towards the Faraday cups.

Literature review on the past work in the area of design and micro-fabrication
techniques for micro-Faraday cup array (MFCA) structure was carried out. It is observed
that variety of designs of Faraday cup arrays have been fabricated and tested for different
applications in various devices.

Lorincik et al. (2011) have developed MFCA having 32 thin film strip electrodes and
they successfully tested them in secondary ion mass spectrometry. Secondary ions such
as Si, SiH, O, SiD, OD, etc., were generated and measured with this thin film-based
MEFCA detectors under the application incident O, primary ions on silicon substrate.

Prokupek et al. (2014) developed arrays of two concentric cylinders which are
arranged in angular fashion. These Faraday cup array detectors were used for calculating
space distribution of current density of laser-plasma systems.

Darrow et al. (2010) have used a thin foil Faraday cup detector array for loss
investigative study of MeV alpha particles from plasmas under the application of helium
neutral beam ions heating. The film thickness of the foil Faraday cups varied from
2.5 umto 4 pm.

Bower et al. (2007) micro-fabricated dense one-dimensional arrays of FCA of
64 cups having cup width ranging from 15 pm to 45um using UV-lithography and DRIE
in silicon substrate. They measured the cup-to-ground capacitance values of the
fabricated MFCAs; which were quite close to predicted values.

Darling et al. (2002) have developed MFCA by DRIE process with 64 to 256 arrays
in silicon (n-type). The pitch used between two cups is 150 to 250 pm. They have
developed linear parallel cup trenches in silicon wafer with aspect ratio around 2:1. These
MFCA detectors were utilised in miniature mass spectrometer for testing purpose. They
found that sensitivity of electronic readout improved by a factor approximately equals to
no. of arrays. Knight et al. (2002) fabricated FCA structures with width of 145 um and
1.6 mm long structure in silicon (n-type), with spacing of around 100 pm having
256 arrays. These MFCA detectors were successfully tested by exposing to low flux Ar”
ion beam. MFCA detectors show less crosstalk between adjacent array elements.
Scheidemann et al. (2002) developed a Faraday cup detector, which was one dimensional
having 9 mm width and 12 mm length. They used 256 arrays in their design. They also
fabricated 8 x 8 circular arrays in 700 um thick silicon and copper substrate.
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Micro features in material can be created using various techniques such as MEMS
micro-fabrication process (Madou, 2012), electro-chemical process (Anasane and
Bhattacharyya, 2016), electro-discharge process (Jain et al., 2015) and mechanical
abrasion processes (Gopikrishnan et al., 2015; Kumar et al., 2017). For the fabrication of
micro-Faraday cup structures on silicon substrate, the lithography technique and etching
process are essential (Mahalik, 2008; Qu, 2016). Micro-features in silicon can be
fabricated by either wet etching or by dry (plasma) etching. Structures obtained in wet
etching are generally isotropic though it has high etch rate. Undercut issue is dominant in
case of wet etching as etchants are prone to remove substrate material under the mask
material. Etching rate varies with prolonged usage of etchant chemical (Kovacs et al.,
1998). Reactive ion etching (RIE) is also known as plasma etching or dry etching
combines chemical and physical effects to remove material from the wafer surface (Ou
et al., 2010). Anisotropic features can be generated using dry etching. Hence, dry etching
is the mostly used for creating features with exact 90°, vertical sidewalls (Fu et al., 2009;
Zhang et al., 2009). Deep reactive ion etching (DRIE) is an extension of RIE that enables
high rate etching of deep and narrow structures. DRIE offers better selectivity and
process controllability than RIE. DRIE can fabricate microstructures in silicon
having vertical and smooth sidewalls, which are frequently required in various
micro-electro-mechanical systems (MEMS) applications, such as micro-actuator,
micro-accelerometer, pressure sensors and through-silicon via technology (Clerc et al.,
1998; Franssila et al., 2000). The DRIE reactors have two RF generators for independent
control of plasma generation and ion bombardment. Typical etch products include SiF,,
SiCly, NF;, WF¢, AICl; when silicon or metals are etched with SF¢, CF,4, Cl,, BCls, SiCly.
The parameters affecting the DRIE process are etchant gases, flow rate of chosen gases,
RF power, bias voltage, process pressure and temperature (Hooda et al., 2010). SFg is the
mostly used etch gas in the DRIE etching of silicon (Dixit and Miao, 2008; Legtenberg
et al.,, 1995). Common passivation gases used in DRIE are C4Fg and CHF; (Mizuhata
et al., 2008; Lee et al., 2008).

In the present study new, simple and low-cost MFCA structures have been designed
and fabricated. Dimensions of MFCA structures were designed as per the radius of
deflection of the incoming charged particle (electrons), which has not been reported
earlier in the literature. After the design, these MFCA structures were fabricated in
silicon substrate. UV-lithography process was utilised for the fabrication of
micro-Faraday cup structures in photoresist using a low-cost ultra violet-light emitting
diode (UV-LED) lithography system. Further, these structures in photo-resist were
utilised as mask in DRIE to create final structures in silicon.

2 Design of MFCA structure

Design of MFCA structure includes the calculation of dimensions such as width
(opening), spacing (pitch). These parameters are based on the ‘radius of deflection’ of
incoming charge particles (ions).

Radius of deflection is the radius through which the charged particle deflects under
the influence of applied magnetic field. Width and spacing between the cups can be
decided by the analysis of radius of deflection for various charged particles in certain
range of accelerating potential and magnetic field.
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For finalising the geometrical parameters, radius of deflection of the incoming charge
particles was calculated after considering the application in mass spectrometry (Darling
et al., 2002). The following formula gives the values of radius of deflection (R).

N2mE

qB

R:

)

where B = strength of magnetic field (Tesla), m = mass of the charged particle (kg),
q = charge value of charged particle (coulomb) and E = accelerating potential (volts).

Figure 1 shows variation of R for different incoming ions under the influence of
magnetic field, their mass values and charge values. Width of the cup, i.e., opening of the
cup in case of top view, is the most important design parameter in the design of the
MFCAD structure. The width should be small enough so that it should trap and detect
smallest charged particle. This also means that it should be able to resolute between two
smallest charged particles. The width as well as spacing will determine the resolution
between two incident ions.

Figure 1 Schematic of cross-section of micro-Faraday cups with radius of deflection (R) of
charged particles
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After the width, the major dimension is spacing of gap between the two cups. The
spacing will determine the resolution between two incident ions. In order to trap and
detect all charged particles, the spacing should be less or equal to the width. The number
of cups will determine the range of detection. The number of cups should be in large
number to detect all the incoming charge particles.

Electron particles were considered as the charged particles which we can detect using
MFCA. ‘R’ value [see equation (1)] for electron at 500 V accelerating voltage was found
to be 0.75 mm and at 3,700 V accelerating voltage was 2.0522 mm. So the total linear
dimension (L) is given by:

L=2x(R ~R,) ()

where R| and R, are the radius of deflection at 3,700 V and 500 V, respectively and were
calculated as 2.0522 mm and 0.75 mm respectively. The finalised linear dimension was
2.604 mm (see Figure 2); hence all the cup structure dimension should be within
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2.604 mm. So finally the MFCAD dimensions were chosen based on the design
calculations and limitations of the micro-fabrication techniques (see Table 1).

Figure 2 Dimensions of the MFCA structure with 2D and 3D views (all dimensions are in mm),
(a) dimensions (b) cross-sectional view (c) 3D view (d) 3D cross-sectional view
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Table 1 MEFCA structure dimensions
Features Cup dimensions
No. of cups (N) 16
Cup length (L) 1.4 mm
Width (W) 25 um
Spacing between two cups (S) 125 pm

3 UV lithography setup

For micro/nano patterning micro FCA structure in photoresist (AZ4903), UV lithography
systems are used. These systems are based on mercury lamp sources for exposure. In
MEMS, mercury-lamp-based UV lithography has been further improvised to use the light
emitting diode sources — LEDs that emit near ultraviolet rays (Kim et al., 2011). For
carrying out the photo-lithography, the following setup (see Figure 3) was used which
consist of following sub parts.
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Figure 3 UV-LED lithography system
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3.1 UV-LED exposure system

The conventional exposure system, which is part of the commercial mask aligner
equipment, are very much costly. In our system, UV-LED source was utilised as
exposure unit, which was having a very less cost. The UV-LED with heat sink is shown
in the Figure 4.

The photo-resist coated substrates were exposed under the UVLED system. Exposure
time for the resist should be optimised according to the power of the UV-LED system.
The dose given to substrate would also depend on the thickness and the type of
photo-resist. The exposure time may be calculated as: exposure dose = lamp power
x exposure time. Exposure time was observed to be 10 seconds with exposure dose of
255.66 ml/cm®. For exposure source; the wavelength should be as short as possible
because if the wavelength is large then the energy of exposure will be less. Thus the dose
falling on the photo-resist will be less and insufficient to break the bonds of the
photo-resist. Basically when UV light leads to chemical changes in photo-resist which is
coated on the substrate these chemical changes lead to breakage of polymers into the
monomers (for positive PR). Table 2 shows the standard parameters of UV-LED source
used in the lithography.

Figure 4 UV-LED systems with heat sink

Heat
Sink

UV-LED Contact Pad
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Table 2 Standard parameters for UV-LED source

Properties Values
Wavelength 405 nm
Power 5SW

Size 4.4 mm x 4.4 mm
Thermal resistance 4.2°C/W

3.2 Lens system for collimation of the light

UV-LED source was not well collimated and filtered wavelength was not available.
Hence for collimated light source, a plano-convex lens system was selected based on
db-OPTIC software simulation (see Figure 5). The collimation of the UV light using lens
ensures lower tapering in the sidewall of produced microstructures. Using db-OPTIC
software, plano-convex lens parameters were formulated, as shown in Table 3.

Figure 5 Lens design in db-OPTIC software
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Table 3 Selected parameters for collimating lens
Design parameter Value
Lens type Plano-convex
Diameter of lens 50 mm
Radius of curvature 41 mm
Focal distance 41 mm
Object distance (light source) 35 mm
Medium Air

Light source and wavelength Helium d (587 nm)
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3.3 Substrate holding system

Substrate holding system consists of a L-shaped stand, a slot at the front end, which
mainly holds the substrate, glass plate and photo mask (gelatine mask). It was made up of
an aluminium sheet. Generally, the substrate and photo mask were kept in close
connection as contact type photolithography. To improve the fine contact and to reduce
the air gap between the mask and the substrate, the substrate and photo mask was held
tightly between two glass plates for suitable exposure (see Figure 6). It can hold
the UV photo mask size of smaller dimension 1 mm x 1 mm to maximum about
10 mm x 10 mm.

Figure 6 Arranged substrate (a) actual (b) cross-section

Properly arranged substrate is shown in Figure 6, was positioned in the L-shaped stand
without disturbing the contact of substrate and photo mask. The fixture (where the
arranged substrate was placed) was in close tolerance with arranged substrate. This
ensured close contact with minimum air gap.

Figure 7 shows the steps followed for putting the arranged substrate in the stand and
finally positioned substrate.

Figure 7 (a) Positioning the arranged substrate in the holder (b) Final position of the arranged
substrate
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4 Experimental results and discussion

Following flowchart (Figure 8) shows the experimental process flow carried out. It
mainly includes optimisation of the UV lithography process followed by DRIE process.

Figure 8 Fabrication process flowchart
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4.1 Cleaning of the substrate

Silicon wafer substrate (n-type) having dimensions 1 cm % 1 cm with the thickness of
500 um was cleaned before performing the experiments. The silicon samples were
ultra-sonicated in the ultrasonic cleaner for 5 minutes to remove the organic impurities
and contaminants.

4.2 Photoresist (PR) coating

Positive PR AZ-4903 was coated over cleaned Si-wafer. Spin coater (MS-A100, Mikasa
Opticoat spin coater was used to accomplish PR coating of uniform thickness. Spin coater
comprise with rotor chuck, on which Si wafer was placed by using vacuum pump. A
program with 3,000 rpm for 45 second was operated to get pre-optimised 14 pm
thickness. The speed and time parameters for thickness of 14 um were selected from data
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sheet of AZ-4903. The PR coated sample was prebaked on precision hot plate at
110°C for 12 minutes. Pre-bake or soft-bake was required to remove remaining solvent
and built-in-stress.

4.3 UV-lithography for photo-resist patterning

UV-lithography was used for creating (patterning) the desired cup structures in the
photo-resist, which has ultimately acted as a mask in the DRIE etching. During the
UV-light exposure the photon energy weakens the molecular bond in the positive
photoresist. The exposed sample was then dipped in the developer solution for
development process. During this, the photoresist was removed from the areas where the
bonds got weakened. After prebaking, UV light exposure was done by simple and low
cost UV-LED lithography setup. Exposure time was varied from 15 min to 10 sec. It was
followed by development in AZP4903 developer. Development time was varied from
2 min to 6 min. The development solution used was the mixture of AZP4903 developer
(15 ml) and DI water (45 ml) having 1:3 ratio.

Figure 9 shows the variation of cup width patterned in photoresist with respect to
exposure time. Exposure time of 10 seconds was based on the UV-LED power and
exposure dose for the required area. Total power of UV-LED is 850 mW. Considering
diffraction losses 80% to 85% of total power was assumed to be utilised. Based on
datasheet of AZ4903 photo-resist datasheet exposure dose of less than 400 mJ/cm® is
required for getting the features line-width of greater than 23 um in photo-resist having
14 pm thicknesses. So based on these values, exposure time of 10 sec was found to be
appropriate in order get the required feature size of 25 um in the photoresist.

The structural characterisation was carried out by optical microscope after UV
lithography (see Figure 10). Table 4 shows the comparison of UV-LED-based
lithography and mercury lamp-based lithography. One of the main advantage with
UV-LED exposure system is the single dominant wavelength of 405 nm, which is
suitable for fabricating micro features precisely. Spectral radiance of UV-LED is also
more than the mercury lamp (Holz et al., 2016).

Table 4 Comparison of two exposure sources for UV Lithography
Parameters UV-LED Mercury lamp
Wavelength produced Single dominant peak (405 nm) Multiple peaks
(435 nm, 405 nm, 365 nm)
Compactness Very compact Bulky
Source cost 5,000 INR 35,000 INR
Ancillary systems Simple Complex
(supply, lens, stands)
Development time 16 min 6 min
Exposure time of MFCA 10 sec 2 min

structure of 25 pm

Following graph (Figure 11) shows the width of cup structures at different exposure
times. Photoresist pattern width of 25 pm was achieved at 10 seconds of exposure time.
Maximum photoresist pattern width of 65 um was obtained at 125 seconds.
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Figure 9 Variation of width of cup as exposure time is varied from (a) 125 sec (b) 100 sec
(c) 50 sec (d)40 sec (e) 30 sec (f) 10 sec

Figure 10 Optical micrograph of optimised MFCA after UV lithography at (a) 5x
(b) 10x magnification
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Figure 11 Variation of cup width with respect to exposure time for UV lithograph
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4.4 DRIE (Bosch process)

A successfully developed MFCA pattern in the photoresist (AZ4903) on silicon substrate
was further used in the DRIE process to get the final structure on silicon substrate along
with morphological characterisations using FESEM and confocal microscope. DRIE
(Bosch process) is used to get anisotropic or straight walled trenches in silicon by SFg
plasma and by protecting the trench side-walls with a Teflon-like polymer deposited in
between the two consecutive etch steps. Bosch process is a time-multiplexed plasma
etching process. The SF¢+O, gas chemistry was used to etch silicon. The plasma gas was
then switched to C,Fg gas for a conformal coverage of via sidewalls with a layer of
Teflon like polymer layer. After the DRIE process the remaining photo-resist was
stripped off using acetone.

Figure 12 Oxford PlasmaLab100 DRIE machine
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For performing DRIE etching, oxford plasma lab SYSTEM 100 machine was used
(see Figure 12). Since the optimised gas chemistry was not obtained earlier for the
available system, some experiments were performed for checking the depths can be
achieved. Three samples were DRIE etched and discussed further. Table 5 shows the
various parameters of the DRIE process. The flow rate of etch gases (SF¢) and
passivation gas (C4Fg) were kept constant. Inductively coupled plasma (ICP) power and
radio-frequency (RF) power values were selected as 500 W and 20 W respectively. First
sample was etched with the DRIE parameters shown in the Table 5. The total time for the
etching was 5.67 minutes, which includes the etch cycle of 2.33 minutes and passivation
cycle of 3.33 minutes. SEM microscope images of DRIE etched cup structures are shown
in Figure 13. The depth achieved by DRIE was 2.5 um in this case. Low depth of cup
was due to low etch cycle time .For low etch cycle time the etch rate was low. The
sidewalls were perfectly vertical. The bottom surface of the cup was found to be rough
and has irregular shaped features which have sharp peaks, also known as black silicon or
silicon grass. It has the typical shape of nano-pillars, which was a by-product of the DRIE
process. Formation of the silicon grass during RIE was happened due to a local deviation
of the Si etch rate. This deviation in etching rate can be initiated by Si surface itself, for
example inhomogeneous oxide layer or partly removed native oxide (Chow et al., 1987).
Silicon grass was also formed due to the residual passivation layer of C,Fg. When the
Teflon like polymer layer was not being removed completely, it locally protect the
underlying silicon substrate and thus causing sharp needle like structure, known as silicon
grass. This effect is known as micro-masking and mainly arises due to extreme
passivation conditions and shorter etch cycle time (Dixit and Miao, 2006; Jung et al.,
2010).

Table S DRIE process parameters values
Sample no. 1 Sample no. 2 Sample no. 3

Process parameters — pyp  passivation Etch  Passivation Etch  Passivation

cycle cycle cycle cycle cycle cycle
SF¢ flow (sccm) 20 1 20 1 20 1
0O, flow (sccm) 5 1 5 1 5 1
He flow (scem) 10 10 10 10 10 10
C4Fg flow (sccm) 1 30 1 30 1 30
RF power (W) 20 20 20 20 20 20
ICP power (W) 500 500 500 500 500 500
Pressure (mTorr) 30 30 30 30 30 30
Cycle time (s) 7 10 7 10 7 10
No. of cycles 20 20 250 250 320 320
Total time (minutes)  2.33 3.33 29.17 41.67 37.33 53.33
Average depth (um) 2.5 10 16

Second sample was DRIE etched for etch cycle of 29.17 minutes and passivation cycle of
41.67 minutes. SEM and confocal microscope images of DRIE etched cup structures
were shown in Figure 14 the depth achieved by DRIE was 10 pm. Since the etch cycle
was increased the more fluorine radicals will attack the silicon bonds and forms volatile
compound SiF,. Hence, the more depth was achieved with higher etch cycle time. The
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surface quality of the etched cup did not improved much at this increased etch time and
silicon grass was formed in small amounts.

Figure 13 SEM images of the DRIE etched sample no. 1 (a) 16 cups (b) 100x magnification
(c) depth profile (see online version for colours)

Figure 14 SEM and confocal microscope images of the DRIE etched sample no. 2 (a) 16 cups
(b) 100x magnification (c) depth profile (d) top view (e) 3D view (f) variation in depth
profiles (see online version for colours)

Figure 15 SEM and confocal microscope images of the DRIE etched sample no. 3 (a) 16 cups
(b) 100x magnification (c) depth profile (d) top view (e) 3d view (f) variation in depth
profiles (see online version for colours)
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Sample 3 was etched for etch cycle of 37.33 minutes and passivation cycle of
53.33 minutes. The average depth achieved by DRIE was 16 pm. Increment in depth
attributed to the higher amount of material removal due to longer etch cycle time. By
analysing the SEM images and confocal microscope images (see Figure 15), it was
observed that silicon grass formation was reduced and therefore the bottom surface
quality was improved. As mentioned earlier, the micro-masking phenomenon of grass
formation at the bottom of the DRIE etched cup was severe at shorter etch cycle time. In
order to minimise this effect etch cycle time was increased, which led to removal of
bottom passivation layer of polymer in larger extent. There was a little variation of
1 to 3 pm in depth of cup achieved for each cup. This may be due the fact that the
development of photo-resist AZ4903 mask was non-uniform during the UV lithography.

Figure 16 (a) Size of overall MFCA (b) Variation in cup depth vs. etch cycle time (c) Variation

in cup sidewall angle vs. etch cycle time
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Figure 16(a) shows the overall size of MFCA structure in silicon after DRIE processing.
The variation in cup depth with respect to etch cycle for the DRIE etched silicon
substrates, is shown in Figure 16(b). The graph indicates the increase in the MFCA cup
depth with respect to etch cycle time. As the etch cycle time was increasing the supply of
SF¢ etching gas was more, which leads faster rate of silicon material removal. For etch
cycle time of 37.33 minutes, cup depth was observed to 16 um, which was the maximum
depth achieved. Figure 16(c) shows the variation of cup sidewall angle with respect to
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etch cycle time. At etching cycle time of 140 s, 1,750 s and 2,239 s, cup sidewall angles
were observed to be 90.9°, 93.81°, and 93.97°, respectively. This increment in cup
sidewall angle was due to the excess amount of etching species for higher etch time. So it
can be concluded that etched cup profile was altered from the positive tapered cups to
negative tapered cups, when the etch cycle time was increased. When the etching gas
(SF¢t+0,) was supplied for longer time, the quantity of etching radicals was found to be
higher which led to increment in the lateral scallop formation. This ultimately increased
the cups lateral dimension.

5 Conclusions

Fabrication of new and simple MFCA structures in silicon is reported in this paper. These
1 x 16 array cup structures have width (opening) of 25 pm and spacing of 125 um. For
patterning these structures in photoresist, UV lithography was performed on low-cost and
compact UV-LED lithography system exposure dose and exposure time was found to be
255.66 mJ/cm” and 10 seconds respectively. These developed patterns in the photoresist
were used as masking layer for DRIE etching in silicon. In DRIE, etch rate was observed
to be 10 um/hours. Faraday cups depth was found to be increased when etch cycle time
was increased. Maximum cup depth was observed to 16 pm at etch time of 2,239 sec.
cups sidewall angle showed increment with respect to etch cycle time. Finally, the cup
structures with width 25 um and depth 16 um were fabricated in silicon.
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