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Nanofabricated Low-Voltage Gated Si
Field Ionization Arrays

Girish Rughoobur,́Alvaro Sahaǵun, Olusoji O. Ilori, and Akintunde I. Akinwande

Abstract—We demonstrate high density (1 µm pitch) silicon
�eld ionization arrays (FIAs) with self-aligned gate apertures
(350 nm in diameter) and integrated nanowire current regulators.
Our FIAs achieved high �eld factors (> 0.1 nm-1 and signi�cantly
lower ionization voltages (< 100 V) than devices with lower tip
densities previously reported. Ion currents were measured in
argon, deuterium and helium at pressures from 1 mTorr to 16
mTorr. The FIAs turned on between 70-85 V and, ion currents
of around 0.4 nA were measured at 100 V. Higher currents of 7
nA were obtained at 147 V and 16 mTorr, but with the risk of
gate damage by ions energized in the intense gate-ionizer �eld.
Si FIAs coated with Pt resulted in higher �eld factors due to
sharper tips, but lower ion currents. Surface states, coupled with
molecular adsorption and transport to the ionizer are the possible
mechanisms for lower voltage ionization in uncoated Si FIAs.

Index Terms—Ionization, ion sources, vacuum microelectron-
ics, nanotechnology

I. I NTRODUCTION

SINCE the �rst observation of �eld ionization by M̈uller [1]
in 1957, devices that can �eld-ionize gas molecules

have found applications in mass spectrometry [2], neutron
sources [3], gas sensors [4], �eld ion microscopy [5] and
scanning helium ion microscope [6]. The �eld ionization
(FI) mechanism consists of a valence electron from a gas
atom or molecule tunneling across a potential barrier, into
a vacant electron state in a pointed electrode called here an
“ionizer” [7]. Compared to electron impact ionization [8] and
chemical ionization [9] methods, FI results in the controlled
formation of ion species without the possibility of molecular
fragmentation, even at higher pressures [2]. This is especially
important for mass-spectrometry and sensing applicationsin
order to analyze long-chain molecules without breaking up in
smaller indistinguishable molecular fragments [10]. However,
ion sources based on FI require extremely high positive electric
�elds, of the order of 10 V�nm-1 [11]. Such intense �elds
are only produced in the proximity of very sharp electrodes
under extremely large voltage bias, which can be unsafe or
can damage the electrodes due to the formation of energetic
ions [12]. Ion sources based on microwave plasma generation
with lower voltages have demonstrated high currents and
high current densities; yet they are large and require strong
magnetic �elds [13].
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High-density sharp electrodes with a gated structure, pio-
neered by the Spindt-type Mo cathodes in 1968, have emerged
as ideal candidates for �eld emission and �eld ionization
as they are programmable and have instant response [14].
Compared to planar electrodes, the short distance between the
gate and the nm-size tip allows Spindt-type devices to achieve
the minimum ionization �eld, necessary to narrow the potential
barrier, at lower voltages [15]. In particular, ionizers with self-
aligned gates can generate this electric �eld at considerably
lower bias as the separation between the gate and ionizer apex
is uniform and shorter [16], [17]. Si �eld ionizers have further
merits such as their compatibility with complementary metal-
oxide semiconductor (CMOS) technology and the ability to
form atomically sharp tips by oxidation [18]. Nonetheless, the
two main limitations reported are the early tip burn-out due
to the non-uniform tip distribution and premature breakdown
voltages (� 75 V) in �eld emission [19]. A high aspect ratio
nanowire (NW) current-limiter is integrated with the tip to
regulate the current, hence compensating for the tip fabrication
non-uniformity [20]. This NW can also increase the path
length between the gate and the ionizer, which increases the
breakdown voltage [3], [21]. Low voltage dielectric breakdown
can also be circumvented by employing a mesa structure,
which is formed by a highly anisotropic etch in conjunction
with a thick oxide (> 2 µm) holding the contact pads [21].

Such devices, as illustrated in Fig.1, have already demon-
strated high current densities,J , in �eld emission (FE) con�g-
uration, achievingJ > 100 A�cm-2 and lifetime longer than
100 hours [22]. The NW current-limiters are approximately
8 µm in height, 1 µm apart (tip density of 108 cm-2) and
100-200 nm in diameter, as shown by the scanning electron
microscope (SEM) images in Fig.1 (b) and Fig.1 (c). A
dielectric matrix of (SiNx/SiO2) supports the poly-Si gate
while a 3 µm thick oxide holds the metal contacts. Previous
works have reported that the tip radius has a log-normal
distribution varying from 2 to 8 nm with a mean of 5 nm
and a standard deviation of 1.5 nm, while the gate aperture is
� 350 nm in diameter and therefore, this structure results in
�eld factors, � , exceeding 0.1 nm-1 [22], [23]. In this work, we
use two key characteristics of this unique device architecture
for �eld ionization arrays (FIAs): the densely-packed ionizers
to increase the ion current, and the high �eld factors to
reduce the minimum ionization voltage. We characterize the
FI performance of the fabricated devices with gases that have
a high �rst ionization energy —argon, deuterium and helium.



2 RUGHOOBURet al.: NANOFABRICATED LOW-VOLTAGE GATED SI FIELD IONIZATION ARRAYS

    Si NW 

3-4 ��m 
SiO2

Au/Ti/Ni
Poly-Si 

Dielectric 
matrix

200 nm

(a) (b)

Aperture
350 nm

(c)

Poly-Si

Si3N4

1 ��m

200 nm

200 nm wide
8 ��m tall

Fig. 1. (a) Schematic of the gated Si FIAs with a nanowire encapsulated in
a dielectric matrix and a poly-Si gate for electron extraction. (b) Scanning
electron microscope (SEM) cross-section of the tip and integrated nanowire
with the oxide stripped for clarity. (c) SEM image of exposed Si FIAs with
self-aligned apertures with 350 nm diameter.

II. EXPERIMENTAL

A. Device Fabrication

The FIAs were fabricated on 150 mm diameter, 650 µm
thick, h100i orientedn-type Si wafers and 1-4
 �cm resistivity.
Key steps in the fabrication process are illustrated in Fig.2.
Mesas with depth of 3 µm were etched on the wafers and �lled
with 5 µm of SiO2 by plasma enhanced chemical vapor de-
position (PECVD). Chemical mechanical planarization (CMP)
of SiO2 was used to stop on the Si mesas. A hard mask of SiO2

(150 nm thick) was then deposited by PECVD. The ionizer
arrays (500 nm diameter discs and 1 µm pitch) were patterned
by i-line UV photolithography using Microposit SPR700. The
oxide caps were dry-etched before Si cones of� 100 nm in
diameter and 200 nm in height were fabricated by a semi-
isotropic plasma etch based on SF6/He. A highly anisotropic
deep-reactive ion etch formed high aspect ratio (40:1) Si pillars
of � 8 µm in height. After removing the resist and oxide caps,
the Si cones were sharpened to form tips by dry oxidation for
6.5 hours at 950� C, which also narrowed the pillar (< 200
nm). With low pressure chemical vapor deposition (LPCVD),
the voids around the Si pillars were �lled by a dielectric matrix
of SiO2 and low-stress SiNx. CMP was used to planarize
the SiNx to within 200 nm of the tips and subsequently
etched back using hot phosphoric acid at 165� C to expose
oxide domes of� 250 nm in height. An 800 nm thickn-
type doped poly-Si gate was deposited by LPCVD, and the
gate apertures (� 350 nm in diameter) were carefully opened
by CMP. Metal contacts were patterned using image reversal
resist (AZ5214E), before depositing Ni/Ti/Au (10/20/200 nm)
by electron beam evaporation. After lift-off, the backside
of the wafer was etched to expose the Si. Ni/Al (50/100
nm) was deposited for the back contact and, the wafer was
sintered at 400� C in forming gas for 30 mins to reduce the
contact resistance by forming nickel silicide. The processwas
completed by a 5 min dip in commercial pad etchant (Silox
Vapox III) to expose the sharpened ionizers.

B. Electrical Characterization

Current-voltage (I -V ) characteristics of fabricated FIAs
were measured using three source-measurement units (SMUs)
in an ultra-high vacuum (UHV) chamber, reaching a base

(a) (b) (c)

40 � m 0.5 
�
m 2 � m

(f)(d) (e)

2 
�
m 2 

�
m 2 � m

(g) (h) (i)

2 � m 2 � m 1 mm

Fig. 2. Key fabrication steps: (a) formation of mesa, (b) tip de�nition, (c)
nanowire etch, (d) oxidation sharpening, (e) low-stress nitride �ll, (f) nitride
planarization and etch-back, (g) poly-Si gate deposition,(h) aperture formation
and, (i) metallization of gate for probe contact.

pressure of8� 10� 10 Torr. Vacuum was maintained by an ion
pump and the pressure was recorded using a Bayard-Alpert ion
gauge for FE measurements. Conversely for FI tests, vacuum
was maintained using only a turbomolecular pump. The gas
�ow rate to reach the required pressure,p, was controlled
by a precision needle valve from MDC Vacuum Products
(Hayward, CA) and,p was measured using a convection Pirani
gauge (Granville-Phillips® 275 Convectron®). Gases (Ar, D2

and He) with 99.5% purity were purchased from Airgas
(Radnor, PA, USA). D2 is especially of interest as its ionization
can produce neutrons for medical imaging and interrogation
of radioactive materials [24]. Although the Pirani gauge was
calibrated for N2, the value ofp for each gas was adjusted
using the calibration plot (linear in the range of 0.1 mTorr to
0.1 Torr) from the manufacturer. The SMUs (Keithley Instru-
ments, Model 237) were connected to the three-terminal device
using miniature high voltage (MHV) feedthroughs and tung-
sten micro-manipulator probes. A stainless steel Faraday cup
was used as the anode, positioned� 3 mm from the FIAs and,
biased at an anode voltage,VA , of � 200 V for FI. The Paschen
curve for Ar has a minimum product ofp and anode-gate
distance,d, of 1 Torr�cm at a bias of 200 V [25]. In this
work, the pd ranged from 10� 4 to 10� 3 Torr�cm based on
values ofd between 1 and 3 mm and,p in the range from 1
mTorr to 20 mTorr. AlthoughVA was kept at� 200 V, this
could be increased further without causing plasma discharge.
For FI measurements, the extractor gate-emitter (VGE ) voltage
was swept from 0 to� 150 V, in 1 V steps, with the gate
voltage,VG , biased at 0 V; for FE,VGE was swept from 0 to
+60 V in 1 V steps, andVA was +1100 V.

III. R ESULTS AND DISCUSSION

A. Field Factor

We modeled� using COMSOL Multiphysics® (v5.0) as
shown in Fig.3 to �nd the parameters, necessary to achieve the
ionization �eld at low voltage. A 2D axis-symmetric geometry
was implemented to reduce computation time.VG and VE

were set to 0 V and +1 V, respectively to model the effects
in FI mode. The apex of the tip was positioned at the same
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Fig. 3. Finite element modeling of �eld factor,� , using the Si FIAs. (a)
Effect of tip radius,r , in nm on � with gate-anode separation,d of 50 µm
and, (b) effect ofd on � with r = 5 nm. Insets show simulation structure.

level as the base of the gate. A planar anode withVA of
� 200 V, located atd of 50 µm away was added to evaluate the
contribution of the anode to� . When the emitter-gate voltage,
VEG , is 1 V, � is numerically equal to the electric �eld,F , at
the ionizer surface asF = �V . The simulation was performed
with different tip radii,r , and at different values ofd, as shown
in Fig. 3 (a) and Fig.3 (b), respectively. From the model, we
con�rmed that� is inversely proportional tor n and from the
best-�t line, we obtained (1):

� (r ) =
252

r 0:685 ; d = 50 � m (1)

From Fig.3 (a), we found that� > 0:1 nm-1 are achievable
whenr < 7 nm. � was steady whend > 50 µm and a power-
law relation was used to �t� with d (2):

� (d) = 1 :22� 108 +
9:33
d1:25 ; r = 5 nm (2)

Similar trends were observed for differentr , but were not
shown here for clarity. In our experiments,d was in the mm
range due to the low precision in the positioning of the anode.
While d would have minimal impact on the ionization voltage,
it could in�uence the ion acceleration towards the anode. In
practice,F might not be uniform throughout the tunneling
barrier whenr < 10 nm and� would rise at a smaller rate.

B. Field Emission

In FE mode,I -V characteristics of the fabricated Si FIAs
devices were measured to �t the experimental data with
the Murphy-Good (MG) equation [26], which corrected a
signi�cant error in the original Fowler-Nordheim (FN) equa-
tion [27]. The anode current,I A , in FE mode is given by (3):

I A = aFN V 2
GE exp

�
�

bFN

VGE

�
(3)

whereln(aFN ) is the intercept andbFN is the absolute value of
the slope of the FN plot (ln( I=V 2) against1=V). The relation
betweenbFN and � is given by (4):

bFN =
sSN � B � �

3
2

�
(4)

where � is the work function, which can be approximated
to the electron af�nity, � Si , of n-type Si (4.05 eV), which
also leads to the slope correction factor,sSN , of about 0.95,
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Fig. 4. (a) Field emissionI -V transfer characteristics of a typical 1000� 1000
array displaying the emitter, anode and, gate currents with anode voltage set
to +1100 V. Inset shows corresponding Fowler-Nordheim (FN)plots with the
extracted FN slope absolute values,bFN , and FN intercepts,ln( aFN ).

and B is a constant in the FN formulation with a value
of 6.83 eV-3/2�V�nm-1 [27]. FE measurements from a typical
1000� 1000 array (Fig.4) demonstratedI A > 3 mA atVGE of
60 V, with a turn-on voltage of� 21 V and anodebFN values of
� 490 V. From (1) and (4), this bFN corresponded to� � 0:11
nm-1 and r � 6 nm. Furthermore, the devices had very low
gate leakage with� 98% transmission to the anode. The gate
current,I G , also had FN behavior (the inset of Fig.4), due to
the interception of electrons emitted at a wider angle.

C. Field Ionization

Depending onF , the ion current,I Ion , consists of two
distinct regimes: thesupply limited regimewhere all molecules
close to the tip are ionized with,I Ion being dependent on the
rate of arrival of molecules; and a�eld-limited regimewhereF
is relatively low, with the rate of ionization being smallerthan
the rate of arrival. At lowVEG , we are operating in the latter
case, and using Wentzel-Kramer-Brillouin (WKB) approxima-
tion, the tunneling probability,D , is given by (5) [28]:

D �= exp

"

�
B (vFI E

3
2
I � �

3
2 )

�V EG

#

(5)

whereE I is the �rst ionization energy of the gas, andvFI is
the value of the special elliptic function,v(x), for x = f 0. vFI

and f 0 are given by (6) and (7), respectively [27]:

vFI � 1 � f 0+ (1 =6)f 0ln f 0 (6)

f 0 = ( q3=�� 0)E � 2
I �V EG (7)

where q is the elementary charge, and� 0 is the free-space
permittivity. The local ionization densitydJ=d
 with position,
R, from the center of the gas atom is given byqC(R)Pe(R)
whereC(R) is the local number density of gas molecules, and
Pe(R) � � eD is the tunneling rate constant, with� e being the
tunneling attempt frequency.I Ion is determined by integrating
the volume element,d
 = 2 �r 2dr , over a hemisphere (8):

I Ion = 2 �
Z 1

r c

dJ
d


� r 2dr � 2�r 2
c �q� eCcrit D (8)
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where r c is the radius of the critical surface, and� is the
effective zone width, estimated by� E=qF, where � E is
half-width of the measured total FI energy distribution [29].
For gases with highE I , � is a few tens of pm, hence
the atom needs to be in proximity to the ionizer.Ccrit is
the gas concentration in the critical ionization zone and is
related to gas concentration in the �eld-free region,Cg, by
Cg exp(� gF 2=2kT), where� g is the polarizability of the gas,
k is the Boltzmann's constant andT is the temperature [29].
The � g for gases used in this work are small [30], hence for
F < 15 V�nm-1, the dependence ofCcrit on VEG will be
ignored for simplicity.

At around 1 mTorr, we measured theI Ion from the Si FIAs
for VEG < 100 V as shown in Fig.5. With all three
gases investigated, we obtained threshold voltages,VON , for
ionization between 70 V and 85 V. The dependence ofI Ion

on VEG , from (8) can be re-arranged to a Millikan-Lauritsen
(ML) [ 31] plot given by (9):

I A = aML exp
�

�
bML

VEG

�
(9)

where ln(aML ) is the intercept andbML is the magnitude of
the slope of a ML plot (ln( I ) against1=V). From (8), if we
assumeCcrit and � to be constants,bML is given by (13):

bML = �
d ln I
dV � 1 �

B
�

��
vFI � V

dvFI

dV

�
E

3
2
I � �

3
2

�
(10)

Using the special mathematical functions(x) given by (11)
and the approximation fors(x) given by (12) from [27]:

s(x) = v(x) � xdv=dx (11)

s(x) � 1 � x=6: (12)

and assumingsFI = s(f 0), bML , at low F , becomes (13):

bML �
B (sFI E

3
2
I � �

3
2 )

�
(13)

The slope correction factor,sFI , is approximately 0.95 for
F between 10 V�nm-1 and 15 V�nm-1, considering thatE I

TABLE I
COMPARISON OFFI PARAMETERS AT APPROXIMATELY1 MTORR

Gas I Ion [nA] VON [V] Measured Calculated
@ 100 V bML [V] bML [V]

� � + EG

D2 0.36 72 917 2890 2670
Ar 0.10 75 990 3200 2980
He 0.07 82 631 6690 6470
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Fig. 6. (a) Energy band diagram in FI mode forn-type Si with band bending
due to the applied �eld,Fvac , in the absence of surface states. (b) Effect of
un�lled surface states near the conduction band, with reduced band bending
due to surface state shielding allowing FI at lower �elds. Not to scale.

for Ar, He, and D2 are 15.8 eV, 24.6 eV, and 14.9 eV,
respectively. Since� is same for both FE and FI, we calculated
the approximatebML , in Table I using (13). A substantial
discrepancy between the calculated and the experimentalbML

values (inset of Fig.5) was found in both possible cases con-
sidered: electrons from the atom tunnel in the Si conduction
band,EC , with � � � , and electrons tunnel into the Si valence
band,EV , with � � � + EG whereEG is the Si band-gap
of 1.12 eV. The latter situation is shown in Fig.6 where the
�eld penetration in the Si causes an upward band-bending,
� S = qF �=� r , where � r and � are the relative permittivity
of the Si and the penetration depth, respectively [11], [32].
At high F , � S could be larger thanEG , hence un�lled states
exist belowEV (Fig. 6 (a)). Although� S increases the local�
and henceD, it does not compensate for the large difference
in the bML from (13) at low VEG . If the voltage dependence
of Ccrit from (8) is accounted for in (10), the values ofbML

become even larger. Alternative mechanisms such as un�lled
local surface states near the Fermi-level (Fig.6 (b)) could
explain the slope difference, as there would be more tunneling
sites for FI, even at lowerF [11]. The surface charge density,
� S, also causes shielding and reduces the� S by (� S=(� 0� r )).

The dependence ofI Ion on p (1.6 mTorr, 8 mTorr and 16
mTorr), is shown in Fig.7 (a). The measuredI Ion at VEG =
100 V increased linearly withp: from 0.11 nA atp = 1.6
mTorr to 0.21 nA atp = 8.0 mTorr and to 0.46 nA atp =
16 mTorr. The intercept,ln(aML ), also increased asp rose
from 1.6 mTorr to 16 mTorr, while the slopesbML (� 900)
were similar (inset of Fig.7 (a)). This was expected, as at
higher pressure,Cg increases and more neutrals reach the tip,
hence the local ionization density rises. We achieved higher
I Ion by sweepingVEG up to 150 V, increasingVA to � 1100 V,
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Fig. 7. (a) Effect of Ar pressure on ion current measured by sweeping the
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and using 16 mTorr Ar pressure. This is shown in Fig.7 (b)
whereI Ion as high as 7 nA were observed atVEG = 147 V.
However, the intenseF between the tip and the gate likely
caused a stronger acceleration of the ions towards the gate.
The impact of the ions on the gate damaged the apertures
and consequently, a sudden device failure was observed when
VEG > 147 V as shown in Fig.7 (b).

D. Field Emission Recovery

After FI experiments, the Si FIAs did not immediately
recover the FE performance measured at the outset. Instead,
multiple VGE sweeps were needed to obtain the originalI A

as shown in Fig.8. A key observation was the change in
pressure during the sweeps (inset of Fig.8), where a sudden
pressure rise was recorded on the third sweep, after which
the FE performance was gradually re-established. Further
spikes in the pressure plot (inset of Fig.8), after the third
sweep are due to the increase in the anode current and the
high voltage (+1100 V) leading to Joule heating of the anode,
and hence, out-gassing in the measurement chamber. The
slow FE recovery after FI experiments could be ascribed to
either surface adsorption of gas molecules during FI, which
prevented electron emission in the initial sweeps in FE mode,
or un�lled surface states between the valence and conduction
bands, which are depleted during FI [33]. A possible solution
was investigated by using of a thin coating of Pt. This layer
would serve two purposes: �rst to improve the gate and
tip robustness and secondly, to minimize surface states and
surface adsorption of molecules that delay FE recovery.

E. Pt-Coated Ionizers

To compare the FI performance in Ar with coated ionizers,
we deposited 5 nm of Pt on the device area using electron
beam evaporation. The line-of-sight deposition of Pt enables
the ionizers and the gate to be coated without causing an
electrical short. The Pt was not sintered due to the possibility
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modifying the tip by the movement of Pt and Si atoms. The
performance is measured both in FE and FI modes (Fig.9).

Higher I A in FE measurement (Fig.9 (a)) of the Pt coated
devices were measured compared to uncoated Si tips and
therefore, the sweep was performed withVGE of up to 35 V
only, to prevent damage at higher voltages caused by anode
out-gassing. The considerably lowerbFN values of � 170 V
extracted from FN plots (inset of Fig.9 (a)), and high� of 0.44
nm-1 (� = 5.1 eV) caused a lower turn-on voltage of� 10 V.
This could be due to the formation of sharper tips as Pt might
agglomerate into nanoparticles on the tips. As shown in Fig.9
(a), FE was recovered immediately (1st sweep) after FI when
using Pt coated tips compared to pristine Si tips.

In FI measurement with Ar at 16 mTorr illustrated in Fig.9
(b), we measuredI Ion of up to 0.1 nA only, atVEG = 150 V.
Although a largerI Ion was expected due to the high� , this
was not the case. This could be because of the poor adsorption
properties of Pt. At lower �elds, molecular adsorption on the
shank of the ionizer and their migration towards the ionizer
apex are crucial for FI action [11]. By contrast, at higherVEG ,
the ionization probability of molecules randomly moving in
the vicinity of the ionizer becomes signi�cant. Hence, with
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a Pt layer, which could also �ll the surface states both in
FE and FI modes, the surface adsorption mechanism would
be ineffective. This was shown by comparing the measured
and calculatedbML values. From (13), the calculatedbML

was 782 V for Pt coated ionizers, based on the measured�
in FE and, using the value of 5.1 eV for� . The corresponding
bML extracted experimentally was 792 V from Fig.9 (b).

F. Performance Comparison

To compare FIAs from different reports, independent ofp,
T, molecular mass,m, and device area,A, we calculate the
ratio of the �ux density of ions,FIon , produced to the �ux
density of atoms in �eld-free space away from the ionizer,
FAtom . Assuming each ion at the anode receives an electron,
FIon is given by (14):

FIon =
I Ion

qA
=

JIon

q
(14)

whereJIon is the ion current density at the measured voltage,
Vmeas. From the kinetic theory of gases,FAtom is given
by (15) [34]:

FAtom =
p

p
2�mkT

(15)

The �gure-of-merit (FOM), which is essentially the global
ionization ef�ciency of the array, but not accounting for the
molecule polarizability, is given by (16):

FOM =
FIon

FAtom
=

p
2�k
q

JIon
p

mT
p

(16)

Data collected from previous works on gated FIAs [3],
[16], [24], un-gated CNT forests [35], dense Au NW [32],
and undoped-Si nanowhiskers [11] have been used to calcu-
late FOM values atVmeas as illustrated in Fig.10.

While un-gated NW and nanowhiskers in [11], [32] demon-
strated ultra-low ionization voltages, gated FIAs have the
advantage of using different voltages for ionization and ac-
celeration. Gated FIAs based on W-coated Si tips from San-
dia National Laboratories (SNL) and Mo Spindt cathodes

from SRI International demonstrated improved FI at lower
temperatures of 77 K [3], [24]. The bias needed to achieve
similar FOM values in this work, were signi�cantly smaller
(< 200 V) as illustrated in Fig.10. A lower T could also
enhance adsorption of molecules on the surface of our Si FIAs
and increaseI Ion compared to measurements at 293 K. Mate-
rial adsorption properties are also not quanti�ed in (16); further
analysis may be needed to compare different tip material [29].
Nonetheless, FIAs fabricated in this work with higher tip
density (108 cm-2) and narrower aperture diameter (� 350 nm),
demonstrated higher FOM, compared to Fomaniet al. [16],
with gated, Pt-coated Si FIAs with smaller tip densities (106

cm-2) and, wider aperture diameter (1 µm). Consistent and
high I Ion at low VEG , would require a coating with higher
adsorption ef�ciency such as Ti, and a rougher ionizer for a
larger surface area. Additionally, a low-duty voltage pulsing
mechanism could allow a settling time for surface adsorption
of molecules. In uncoated Si tips, pulsingVEG could likewise
speed up FE recovery, with ionization in the reverse bias and
desorption of molecules from the tip in the forward bias.

IV. CONCLUSION

Dense gated Si nano-tip arrays (108 cm-2) with integrated
NW current-limiters and self-aligned apertures were fabricated
and characterized in both FE and FI modes. We demonstrated
high � at the tip exceeding 0.1 nm-1 in FE mode. These high�
considerably reduce the bias necessary to ionize gases (Ar,D2

and He), with high �rst ionization energy. We achievedI Ion

of � 0.4 nA at a moderate bias of 100 V and demonstrated
linearity with pressure in the range studied. Initial FE perfor-
mance was recovered after multipleVGE sweeps. We measured
higher I Ion of 7 nA at � 147 V, but to the detriment of the
gate integrity. With a thin Pt layer, we obtained higher� , yet
lower I Ion , hinting at the effects of surface states or molecular
adsorption and their migration being dominant at lower �elds
in pristine Si tips. We envision that these low-voltage Si FIAs
can �nd multitude of applications including mass spectrome-
try, ion mobility spectrometry, neutron generators and sensors.
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