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ABSTRACT: Scattering-free transport in vacuum tubes has
always been superior to solid-state transistors. It is the advanced
fabrication with mass production capability at low cost which
drove solid-state nanoelectronics. Here, we combine the best of
vacuum tubes with advanced nanofabrication technology. We
present nanoscale, metal-based, field emission air channel
transistors. Comparative analysis of tungsten-, gold-, and
platinum-based devices is presented. Devices are fabricated
with electron beam lithography, achieving channel lengths less
than 35 nm. With this small channel length, vacuum-like carrier
transport is possible in air under room temperature and pressure.
Source and drain electrodes have planar, symmetric, and sharp
geometry. Because of this, devices operate in bidirection with
voltages <2 V and current values in few tens of nanoamperes
range. The experimental data shows that influential operation mechanism is Fowler−Nordheim tunnelling in tungsten and gold
devices, while Schottky emission in platinum device. The presented work enables a technology where metal-based switchable
nanoelectronics can be created on any dielectric surface with low energy requirements.
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Field emission in air medium is receiving much attention
nowadays.1−5 It has an advantage of vacuum-like ballistic

transport as well as satisfying matrices of lightness, cost,
lifetime, and stability in harsh conditions. Because of advanced
nanofabrication processes, separation between field emission
electrodes can be less than mean-free-path (MFP) of electrons
in air,6 which enables scattering-free carrier transport in air
medium. Such downscaling further allows cold cathode where
only electric field is strong enough to emit electron. Operating
voltages can be reduced to <1 V by using low work-function
materials,7 which eliminates the possibility of ionization in air.8

Recently, nanoscale field emitters have demonstrated their
application as transistors by providing insulated-gate capa-
bility.9−11 Operation of these devices is similar to metal−
oxide−semiconductor field effect transistors (MOSFET) with
superior carrier transport.12

The first demonstration, to our knowledge, of field emission
transistor in ambient conditions was by Driskill et al. in 1997
without further progress due to fabrication challenges.8 The
concept resurged recently due to advances in nanofabrication
techniques.13 Conventional design of field emission in air
medium is sharp emitter tips in vertical orientation with
collector and gate.3,14,15 A new way of cylindrical or
rectangular vertical air channel for transistor was proposed
recently.16−19 Unfortunately, although it is superior in

performance, vertical designs are not practical for circuit
implementation and integration with conventional MOSFETs.
By contrast, Han et al.12 demonstrated successful integration of
lateral quasi-vacuum channel field emission transistor (VFET)
with MOSFET. Multiple experimental demonstra-
tions9−12,15,20−27 and simulation28−31 studies are being
presented for improved performance and provide design
guidelines for lateral field emission air-channel transistors
(ACT).
Most studies in this domain are still limited to silicon (Si) as

an emission source, which is a readily available traditional
semiconductor substrate. Recently, metal electrodes in nano-
scale have been presented as efficient field emission
sources.32,33 However, they have not been utilized in
nanoelectronic applications yet. The promise of replacing
silicon with metals means devices could be fabricated on any
surface, while retaining the principle electronic component, a
transistor.
Here, we present the first demonstration of all-metal

transistor with an air channel. An analysis of lateral ACTs
with back-gate arrangement for three metal emitters is
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presented, namely, tungsten (W), gold (Au), and platinum
(Pt). W has excellent field emission properties.34 It is an
established emitter material due to robustness and relative
chemical inertness. Au and Pt are noble metals. Nano-
fabrication is used to achieve electrode separation less than
MFP of electrons in air (68 nm)6 at room temperature and
pressure (RTP). Fowler−Nordheim (F−N) tunnelling where
electrons tunnel through the barrier in the presence of high
electric field and Schottky emission where electrons jump over
the barrier due to field-enhanced thermionic effect are the two
models used here to explain the underlying tunnelling
mechanisms. The transfer curves are presented based on
applied electric field normalized with the nanogap channel-
length for each device to ensure an accurate comparison.
Furthermore, operation of ACTs is discussed with the help of
energy band structure. Finally, this work shows the satisfactory
proof of concept for metal-air transistors. However, more
consistent results are required for practical implementation in
the future. Current limitations of this metal-based, semi-
conductor-independent transistor technology are highlighted,
and further refinements are suggested for improved perform-
ance.
Devices were fabricated with combination of electron beam

lithography (EBL), thin film deposition, and photolithography.
Substrates with thermally grown silicon dioxide (SiO2) on
highly conductive silicon (sheet resistance RSH of 0.01 Ωcm)
were cleaned by standard piranha method.35 Gate-oxide
thickness of 50 nm was utilized for Au and Pt devices. It
was increased to 300 nm for W to provide improved tolerance
to the gate insulation. High-resolution electron beam resist,
poly(methyl methacrylate), PMMA (A2), was spin-coated on
the precleaned substrates. Spin-coating was a two-step process
to achieve a bilayer resist. First EL3 copolymer was spin-coated
and soft-baked at 180°C for 5 min. Then, PMMA-A2 was spin-
coated followed by identical soft-baking. Resulting thickness of
the bilayer resist was ∼120 nm. Next, a 10 nm thick conductive
layer of chromium (Cr) was deposited by electron beam

evaporation to avoid surface charging during EBL to achieve
maximum resolution. Prepared sample was exposed with 700
μC/cm2 dose in Vistec EBPG5000plusES EBL system with
100 kV accelerating voltage. Subsequently, exposed patterns
were developed in methyl isobutyl ketone (MIBK) mixed with
isopropanol (IPA) in a 1:3 volume ratio.
The samples now had nanogaps defined. On these

structures, 15 nm thin metal film, W, Au, or Pt for different
sample sets, were deposited. To aid adhesion a 5 nm titanium
layer was utilized. Both thin films were deposited sequentially
by electron beam evaporation at pressure <10−7 Torr in a Kurt
J. Lesker PVD75 electron beam evaporator system. Metal lift-
off was performed in a hot acetone bath (at 60 °C) with
ultrasonication. Finally, photolithography was performed to
create larger contact-pads on nanoscale devices. After
fabrication, devices were imaged by high-vacuum scanning
electron microscopy (SEM) to measure achieved dimensions
in FEI Verios 460L system shown in Figure 1c−e. Gaps
between electrodes are 11.56, 26.26, and 34.08 nm for W, Au,
and Pt, respectively. Radii of curvature for the electrode tips
are measured as 50.9, 34.2, and 29.1 nm for the respective
metals. Smallest gap spacing of 11.56 nm was achieved with the
presented fabrication procedure with most devices having gaps
of 35 ± 20 nm which are less than MFP of electrons in air at
RTP. To account for such fabrication tolerances, all results
presented in this work are normalized by spacing.
Device structure of fabricated planar, back-gated ACTs with

point-to-point geometry of the source and drain (akin to
emitter and collector) is presented in Figure 1, with optical
image in Figure 1a and schematic illustration in Figure 1b.
Tapered and sharp metallic source and drain are defined on a
gate-oxide layer with a highly conductive silicon back-gate.
With the metallic electrodes (rather than semiconductor) and
air channel (rather than solid channel), this device structure
offers potential advantage of versatility, lower energy require-
ments, and ease of fabrication.

Figure 1. Metal-air transistor structure and high-resolution images of nanogap metal electrode. Devices consist of two in-plan symmetric metal
electrodes, separated by nanogaps less than mean-free-path of electrons in air (<68 nm). The metal−air−metal structure depicts drain and source
configuration. A dielectric thin film offers separation from conductive back-gate: (a) Top view optical image of fabricated device, (b) Schematic
illustration of the device structure with biasing scheme. Tungsten, gold, and platinum of 15 nm thickness were metals considered in this work. Dry
thermal SiO2 as dielectric was considered on a highly conductive silicon (RSH = 0.01 Ωcm) as back-gate. (c−e) Field-emission scanning electron
micrographs of different electrode pairs: (c) tungsten, (d) gold, (e) platinum. Gap separations of 11.5−34.1 nm were achieved, with all results
normalized by this spacing to enable comparisons. Note: Colored borders are used to distinguish the data related to different metals in this paper:
brown for tungsten, yellow for gold, and gray for platinum.
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After fabrication, electrical measurements are conducted in
ambient conditions using a Keithley 4200SCS semiconductor
parametric analyzer. The devices are connected in a three-
terminal configuration, that is, emitter/source, collector/drain,
and with a back-gate. Micromanipulator probe tips are used to
record the output and transfer characteristics of the W, Au, and
Pt electrode devices, presented in Figure 2. In standard
current−voltage (I−V) curves, x-axis is normalized using the
electrode gap due to variation in spacing, thereby, presented as
output current versus applied electric field (I−E). This
highlights device operation at lower current values as well as
ensure a fair qualitative comparison (standard I−V plots
showing applied voltages are presented in Supporting
Information Figure S1). Ti thin film (5 nm) being a common
adhesive in all three devices, its effect is not considered in the
comparison of metal-based ACTs. Because of the symmetric
shape of source and drain, devices behave as transistor in
positive (first quadrant) as well as negative (third quadrant)
bias. Here, we perform measurements under positive and
negative drain-source voltages to demonstrate bidirectional
capability (rather than typical single quadrant measurements
undertaken for MOSFETs) and highlight the differences in
positive and negative bias operations of metal-air transistors.
The output and transfer characteristics of the ACTs are

presented in Figure 2. The output characteristics of point-to-
point devices in Figures 2a−c are similar in positive and
negative bias with few noticeable differences. First, the

operating electric field for stable emission is much higher for
W as compared to Au and Pt. This is due to lower melting
point of Au and Pt, where electron emission from sharp tips
causes localized heating and tips to rupture due to
concentrated high electric field. Due to localized melting tips
become blunt and field emission degrades10 at lower electric
field. However, W with high melting point is observed to be
stable at high electric fields of 150 mV/nm.
Second, the normalized peak emission currents for W, Au,

and Pt are 1.1, 1.9, and 0.2 μA·nmV−1, respectively. Highest
current achieved in each device is normalized by maximum
applied electric field for the device to calculate normalized
peak emission currents. This provides a highest current per
electric field strength value, thereby enabling the accurate
comparison of peak currents in three different devices. Work-
functions for W, Au, and Pt with 5 nm Ti adhesion layer are
4.51, 4.89, and 4.98 eV, respectively, as calculated using Kelvin
probe force microscopy (KPFM). The experimental details of
KPFM are given in Supporting Information Section 6.
Considering lower work-function of W than Au and electrodes
separation (Figure 1c,d), normalized peak emission current
should be higher in W (refer to Fowler−Nordheim theory in
Supporting Information). However, normalized emission
current is higher in Au-electrodes than in W-electrodes. This
can be due to sharper electrode tips in Au compared to W
(Figure 1c,d). It provides the practical evidence that the radius
of tip curvature inversely affects the field enhancement factor

Figure 2. Electronic output and transfer characteristics of the air−channel transistors. The figure is presented with different electronic
characteristics as rows and the different metals as columns. The output characteristics as current versus applied electric field (I−E) plots are in (a, b,
c), with transfer characteristics in positive-bias (d, e, f) and negative-bias (g, h, i) showing bidirectional performance. The performance of W in (a,
d, g), Au in (b, e, h), and Pt in (c, f, i) are presented.
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(β) (refer to Fowler−Nordheim theory in Supporting
Information). Moreover, the radius of tip curvature can be
observed to affect the EON for metal−air transistors, which is
highest for W (with 50.88 nm radius of curvature) and lowest
for Pt (with 29.08 nm radius of curvature), as listed in Table 1.
In addition, normalized peak emission current for Pt electrodes
is much less than both W and Au devices. This is due to the
respective tunnelling mechanisms in W, Au, and Pt ACTs
influencing the peak current values, which are discussed in a
later section.

The transfer characteristics of the ACTs in positive and
negative bias are presented in Figure 2d−f,g−i, respectively.
Devices turn OFF with increasing positive gate voltage in
positive-bias operation as shown in Figure 2d−f. This trend is
same for all the three metals in positive-bias operation.
However, in negative-bias operation W- and Au-based devices
turn ON with increasing positive gate voltage, whereas it turns
OFF in the case of Pt. This difference is mainly due to the
tunnelling mechanism that the respective metal−air transistor
experiences. It is F−N tunnelling for W and Au, and Schottky

Table 1. Key Performance and Enhancement Parametersa

metal
work function

(eV)39
normalized peak current

ID (μA·nm V‑1)
threshold electric field

ETH (mV nm‑1)
turn-on voltage EON

(mV nm‑1)
channel length

d (nm)
radius of

tip curvature r (nm)
field-factor
γ (cm‑1)

W 4.74 1.1 2 ∼86.5 11.56 50.88 22.5 × 107

Au 4.98 1.9 14 ∼30.5 26.26 34.15 13.8 × 107

Pt 5.08 0.2 36 ∼17.6 34.06 29.08 12.2 × 107

aComparison of field emission and transistor characteristics of W, Au, and Pt air−channel transistors.

Figure 3. Emission and conduction mechanisms in metallic air−channel transistors. Fowler−Nordheim emission plots for (a) W with VON of 1.00
V and (b) Au with VON of 0.81 V. Schottky emission characteristics for Pt is shown in (c). All voltage labels in the panels correspond to VG values.

Figure 4. Energy band diagram of metallic air−channel transistors. Tunnelling mechanism is (a) F−N for W and Au and (b) Schottky for Pt. Gate-
bias changes the effective electric field (in case of F−N) and thermal energy (in case of Schottky) which effects the electron emission and
tunnelling. Effects of gate-modulation on electron transport mechanism in metallic ACTs are presented in F−N tunnelling as well as Schottky
emission.
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or thermionic emission for Pt. This is explained further with
energy band diagram theory in later section.
Threshold electric field (ETH) is calculated in all cases by the

linear extrapolation method.10 It is 2, 14, and 36 mV/nm for
W, Au, and Pt, respectively. ETH in this work is defined as
electric field produced by gate electric field (EG) which triggers
source-drain electric field (ESD) and modulates emission
current. In the presented structure, insulated back-gate
overlaps completely with electrodes and not just over the
channel. Because of this, the electric field within the electrode
becomes modulated along with the electric field within the gap.
This arrangement provides gate controllability over emitted
electrons.
The ON/OFF ratio for W, Au, and Pt are 141.21, 20.05, and

321.85 at applied electric field of 149.7, 40.56, and 51.64 mV/
nm, respectively from transfer characteristics in the positive-
bias as shown in Figure 2d−f. These values are under-
estimations as saturation region is not observed in transfer
characteristics. The reason for not being able to conduct
measurements until saturation is the rupturing of sharp-
electrodes due to concentration of high electric field at the tip,
resulting in degraded emission current.10 Moreover, electric
field induced in gate-oxide breaks the gate insulation causing
significant current-flow through gate. Because of these reasons,
further gate modulation measurements could not be conducted
until the device reaches saturation in the present study. The
influence of the gate oxide breakdown on the ACT
performance can be addressed in future work by studying
other high-k dielectrics.
Carrier generation and transport mechanism for W, Au, and

Pt metal electrodes is presented in Figure 3. Dominant
emission in W and Au is due to F−N tunnelling, whereas it is
thermionic or Schottky emission for Pt.
In order to fit the experimental data, the F−N model is

expressed in I−V equation as I = AV2e−B/V, where A and B are
fitting constants. The equation can also be expressed as ln(I/
V2) = ln(A) − B/V. Following this linearity in ln(I/V2) versus
1/V plot for W and Au at higher voltages in Figure 3a,b
confirms the F−N mechanism. F−N tunnelling starts from
1.00 and 0.81 V for W and Au, respectively, which is defined as
turn-on voltage (VON)

36 (or turn-on electric field EON of 86.5
mV/nm and 30.5 mV/nm for W and Au, respectively).
Schottky emission from drain by tunnelling is expressed as I

∝ eBV
1/2

, where B is constant.37 The equation can also be
rewritten as ln(I) ∝ BV1/2. Here, linearity in ln(I) versus V1/2

plot confirms Schottky emission in Pt, as shown in Figure 4c.
Minor F−N tunnelling is observed for Pt emitters with higher
VG (see Supporting Information, Figure S2c). This is due to
lower bending of energy barriers under the influence of gate
voltage VON for Pt can be estimated to be ∼0.57 V (EON - 17.6
mV/nm) from the observed F−N tunnelling curves.
Achieving higher emission current at lower operating

voltages is necessary for practical implementation of ACTs.
It can be achieved by either using low work-function materials
or controlling device geometry (refer to Fowler−Nordheim
theory in Supporting Information). The latter approach has
been modeled as per eq 1 to control the field factor γ with
electrode geometry, based on F−N tunnelling theory12,38

( ) dln 2
.

1
l

r
l

r

2

4
γ =

− (1)

Here, l is length of electrode, r is radius of tip curvature, and
d is distance between electrodes. From the equation, reduced
distance between electrodes and radius of curvature would
enhance γ-factor, which would potentially result in higher
emission current at lower voltages. On the basis of this model,
γ values for W, Au, and Pt are calculated as 22.5 × 107, 13.8 ×
107, and 12.2 × 107 cm−1, respectively. Highest γ-value for W is
due to shortest gap of 11.56 nm, whereas it is smaller for Au
and Pt due to larger gaps of 26.26 and 34.08 nm, respectively,
as shown in Figure 1c−e. From the achieved results, it is
evident that radius of tip curvature as well as distance between
electrodes both inversely affect the electron emission. Tip
radius majorly affects VON (or EON) whereas distance between
the electrodes affects the emission current.
Energy band diagram of tunnelling mechanism for W, Au,

and Pt ACTs is shown in Figure 4. In earlier sections, it is
explained that W and Au shows F−N tunnelling (Figure 3a,b)
and Pt shows Schottky emission (Figure 3c). Tunnelling
distance is shorter in F−N where electrons pass through the
barrier at lower energy level due to electric field as shown in
Figure 4a, whereas tunnelling distance is longer in Schottky
where electrons have to jump over the barrier due to generated
thermal energy as shown in Figure 4b. This limits the number
of electrons able to cross the barrier as it requires higher
amount of energy. Because of different tunnelling mechanisms,
we observe variation in the normalized peak currents for W,
Au, and Pt ACTs, which is lowest for Pt (Table 1).
Work-functions as well as electrode separations are smaller

in W and Au compared to Pt. Because of this, tunnelling
distances are smaller and γ-factors are larger for W and Au.
This makes electron transport possible at lower energy levels
due to electric field and we observe F−N tunnelling for W and
Au ACTs. Further, gate voltage controls the barrier width and
tunnelling probability,9 thereby turning the device ON or OFF
depending on the polarity. Electric field being a vector
quantity, device performance is polarity-dependent. It is
observed to be opposite in trends for positive and negative
bias operation for W and Au ACTs under the influence of gate
voltage.
Energy band diagram for Pt is shown in Figure 4b. Pt has the

highest work-function among all the three metals considered in
this work. In addition, electrode separation for Pt device is the
largest. Because of these facts, it can be concluded that
tunnelling distance is larger and γ-factor is smaller for Pt-based
ACT, and it experiences Schottky emission (Figure 3c). In
Schottky emission, electrons jump over energy barrier from the
ground level and this needs a higher amount energy.
Therefore, number of electrons able to cross the barrier is
smaller compare to F−N tunnelling, resulting in lower
emission current. This is the reason we observe lowest current
in Pt-based ACT.
Furthermore, under the influence of gate voltage energy level

bends slightly downward by controlling barrier width9 enabling
few electrons to tunnel through at lower energy levels as shown
in Figure 4b. Therefore, we observe F−N tunnelling when VG
≠ 0 (refer to Supporting Information, Figure S1c) for Pt.
However, bending effect is not significant due to higher work-
function and electrode gap, and hence the dominant
mechanism remains to be Schottky in all cases for Pt. As
Schottky emission is mainly due to thermal energy, device
turns ON or OFF depending on the effective thermal energy
generated with gate voltage. Thermal energy being a scalar
quantity, device performance is polarity-independent and
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shows similar trends in positive and negative bias operation
under the influence of gate voltage.
From the observed results, it can be concluded that F−N

tunnelling can be achieved with low work-function materials
and higher geometric γ-factors, whereas with higher work-
function material and lower γ-factors Schottky emission is
possible in ACTs. Further, work-function of the materials is
also observed to influence the threshold electric field (ETH) of
ACTs. Threshold electric field (or voltage) is decreased with
the lower work-function metal emitters as listed in Table 1.
This work demonstrates promising proof of concept for

metal−air transistors. Electrode separation of <35 nm is
achieved successfully. With the achieved electrode separation
and geometries, all three metal-based devices behave as
bidirectional transistors. Au and Pt devices show transistor
characteristics at lower electric fields, whereas W is found to be
robust and tolerant to concentrated high electric field as stated
earlier. This is mainly attributed to a combination of high-
melting point and low work-function of W compared to Au
and Pt. Although, W devices fail due to oxide breakdown, use
of high-k dielectric materials as gate-oxide would increase the
gate insulation tolerance to the electric-field induced high
stress and would reduce the gate-oxide breakdown probability.
In future, using electrode material with lower work-function
and higher melting point properties such as W along with
tolerant gate-oxide would be a directional approach for
improved metal−air transistor. This can potentially allow the
current emission and modulation at higher electric field and
further measurements until the saturation region with high
ON/OFF ratio. Once these improvements are achieved,
devices should be tested for time-dependent emission
stability.7 Further for practical implementation, fabrication
methods need optimization to achieve consistent geometries
which would render device performance repeatability. Finally,
transfer characteristics of metallic air−channel transistor show
opposite trend to what has been reported previously for similar
structure in cited reference.10,12 We believe this difference in
behavior is due to metallic nature of electrode. However,
further investigation has to be undertaken to understand the
underlying working mechanism.
In summary, we present planar point-to-point structure of

air−channel transistors fabricated using standard silicon
technology. Metal electrodes based on W, Au, and Pt are
considered for analysis. Separation between electrodes is
achieved in the range of 11.5−36.1 nm, which is less than
the mean-free path of electrons in air (68 nm). All three metal-
based ACTs behave as transistors with significantly lower
emission current of a few tens of nanoamperes. All devices
behave as bidirectional transistors due to symmetric source-
drain geometry. However, variation in the positive and
negative bias operation is observed depending on the
tunnelling mechanism of electrons. Experimental data shows
that F−N tunnelling is dominant in W and Au, whereas it is
Schottky in Pt. Forward-bias current is higher than the reverse-
bias current when device experiences F−N tunnelling, while it
is of the same magnitude for Schottky emission under the
influence of gate voltage. Further analysis with energy band
diagrams show that tunnelling mechanism of ACTs can be
controlled by the effective field-factor γ and work-function of
the material. Most importantly, this work provides a platform
for semiconductor-free, metal-based air−channel transistors for
future electronics, which has potential for low-power and high-
performance applications on any base surface.
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