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Abstract
High quality nanoscale vacuum channel t ransistors ( NVCTs) enable carriers t o t ransport
ballistically t hrough t he vacuum nanogap, achieving high speed and f requency characteristic
which are essential f or on-chip vacuum electronic devices. However, t he studies t o date have
been l argely confined t o explore t he common electrical performance, while t he f ast r esponse
characteristic of NVCTs r emains a challenge. We report t he f abrication of metal-based NVCT,
with sub-100 nm vacuum channel and specific designed i n-plane collection structure which can
enhance t he emission or collection efficiency of t he electrons simultaneously. I mportantly, t he
demonstration of a rise/fall t ime of l ess t han 100 ns i s achieved, which i s compatible with t hose
high-quality solid-state transistors based on low-dimensional materials. Moreover, the device can
also retain excellent electrical performance, exhibiting a high drive current (>10 μA), l ow work
voltage (<10 V) and high on/off current ratio (>104). The verification of fast temporal response
of NVCT makes a significant step t owards on-chip vacuum electronics with high speed and
integration.

Keywords: nanoscale vacuum channel, vacuum t ransistor, i n-plane collection structure, f ast
temporal r esponse

1. I ntroduction

Vacuum electronics i nitiated and promoted t he early devel-
opment of electronics, e.g. signal amplification or modulation,
was mostly based on t raditional vacuum t ubes [1]. Numerous
studies have f ocused on t he development of vacuum e lec-
tronics such as t hermionic [2–4] or cold [ 5–7] field emission
devices, which plays an i mportant r ole i n t he fields of aero-
space, communications and medication [8]. In order t o match
the c urrent i ntegrated e lectronic device usage e nvironment,
however, t here i s a n e ssential n eed t o d evelop v acuum

devices down t o nanoscale l evel. As vacuum i s i ntrinsically
superior t o s emiconductor owing t o t he t ransport medium,
carries a re a ble t o t ransmit more e asily t hrough a vacuum
channel while suffering collisions i nside t he crystal l attice of
solid-state device. The velocity of electrons can accelerate far
beyond over 5×107 cm s−1 i  n silicon, achieving high-speed
eventually. I n t his c ase, with a vacuum c hannel l ess t han
100 nm o r e ven t he mean-free-path o f e lectrons, b allistic
transport may occur i n t he nanoscale vacuum t hat e nables
significantly high switching speed, l ow operating voltage and
power consumption.

As a r esult, r esearchers h ave p roposed t he n anoscale
vacuum channel t ransistor ( NVCT) [ 9–11] or vacuum field
effect t ransistor ( FET) [ 12–14] as an a lternative method t o
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realize t he c oncept o f v acuum-on-chip d evices [ 15, 1 6].
Composed of vacuum nanogap as carriers t ransport channel
and l ow-function materials as cold cathode, NVCT facilitates
electrons t o t ransport ballistically i nside t he vacuum channel
that e xpected t o a cquire o utstanding e lectrical p roperties
[17–19]. Despite NVCTs have made f ast progress i n r ecent
years, there are still some practical issues to be solved. On the
one h and, b oth o f t he c apacity o f e mitting e lectrons a nd
collection efficiency are restricted by t he conventional t ip-to-
tip s tructure. F or i nstance, t he o utput c urrent o f p resent
NVCTs is merely in the order of nanoamps for metal [20] and
graphene-based devices [ 10], which may be a l imiting f actor
for practical applications s uch as x-ray t ubes [ 21], electron
sources [ 22] or high-power microwave devices [ 23]. On t he
other hand, t he studies t o date have been l argely confined t o
explore t he c ommon e lectrical performance, while t he f ast
response characteristic of NVCTs remains as a challenge [24].
Previous t heoretical a nd s imulated r esults have both f ound
that the transit time of electrons may achieve the magnitude of
nanosecond i n a s ub-100 nm vacuum c hannel, which s ig-
nificantly r eveal t he i ntrinsic s uperiority of NVCT [ 25, 26].
However, t he experimental efforts of t he t emporal r esponse
for NVCT still stays in the microsecond level, that may be the
hinder f or f uture practical applications.

To t his end, a metal-based NVCT i s demonstrated with
specific d esigned i n-plane c ollection s tructure i n o rder t o
achieve h igh o utput c urrent a nd f ast t emporal r esponse.
Compared t o t he c onventional t ip-to-tip s tructure, o ur i n-
plane c ollection s tructure c an d ramatically e nhance t he
capacity and efficiency of emitting/collecting electrons. The
states of our device can be modulated by applying a back-gate
voltage, showing r emarkable performance of high drive cur-
rent ( >10 μA), l ow work voltage ( <10 V) and high on/off
current r atio ( >104). I mportantly, we f urther p resent t he
demonstration of a t urn-on/off t ime l ess t han 100 ns f or a 
sub-100 n m v acuum c hannel, which i s c ompatible with
reported FETs based on graphene or other l ow-dimensional
materials. T he d esigned i n-plane c ollection s tructure c an
achieve fast t emporal response, high output current and more
importantly t he f easibility of high i ntegration, i ndicating t he
potential i n t he c oncept o f v acuum-on-chip d evices f or
NVCTs.

2. Experimental

The i nfluence f actors of high output current may attribute t o
two main reasons: (I) capacity of emitting electrons, which i s
related t o t he electric field i ntensity and (II) t he efficiency of
collecting e lectrons. I t i s noted t hat previous r eports s how
current l imitations ( <1 μA) of metal-based NVCT, which i s
not a pplicable i n p ractical d evices [ 20, 2 7]. I n o rder t o
improve t he output current by enhancing t he emission/col-
lection efficiency, s imulations are carried out t o i nvestigate
the i nfluence of collector s tructure on t he electron t ransport
trajectory and electrical field distribution, as i s shown i n t he
supplementary i nformation, a vailable o nline a t s tacks.iop.
org/NANO/31/065202/mmedia. F igure 1 (a) e xhibits t he

electric field distribution of different structure and t he peak
field i ntensity normalized by t he value of t he single-terminal
as collector is shown in figure 1(b). The maximum local field
was extracted f rom t he s imulation r esults f or comparisons,
that a local field enhancement of 38% can be acquired by the
three-terminals s tructure. On t he other hand, t he e mission
current i s i n d irect r atio with t he n umber o f e lectrons
reaching t he collector. I n t erms of geometry, t he collection
efficiency of t hree-terminals structure shows a 17% growth
of t he c ollected e lectrons, a s i s s hown i n figure S1. Both
simulation r esults of t he field distribution and electron t ra-
jectory suggest t hat t he t hree-terminals structure can l ead t o
effective current i ncrease. I mportantly, t he proposed device
structure c an be r eadily f abricated by c onventional s emi-
conductor p rocess t hat may b e v iewed a s a n a lternative
approach f or NVCT.

As a r esult, t he t hree-terminal NVCT i s f abricated
according t o t he s imulation r esults. Figure 1(c) s hows t he
schematic diagram of t he proposed metal-based NVCT. The
vacuum n ano-channel was f abricated with c ombination o f
electron beam l ithography ( EBL), t hin film deposition a nd
lift-off process. Firstly, silicon dioxide ( SiO2) was t hermally
grown on highly n-doped silicon, with a thickness of 300 nm.
After s pin-coating PMMA ( poly ( methyl methacrylate)) on
the precleaned substrate, the nanogap was defined by standard
EBL ( Vistec, EBPG 5000plus ES). Then, a 60 nm Au l ayer
was deposited by electron beam evaporation with 5 nm Cr as
adhesion l ayer. With a s ubsequent l ift-off p rocess, t he
vacuum n anoscale c hannel was f ormed, a s i s s hown i n
figure 1 (d). Also, t he s tructure was p rocessed v ia 1 h o f
annealing a t 4 00 °C i n t he q uartz t ube with t he fl ow o f
hydrogen ( 70 sccm) and argon ( 40 sccm), strengthening t he
gold nanoribbons in order to avoid melt down of high current.
A zoomed-in view of the vacuum nano-channel i s depicted i n
figure 1(e).

3. Results and discussion

3.1. Electrical performance

After t he p reparation o f t he t hree-terminals s tructure, t he
current–voltage ( I–V ) c haracteristics a re measured i n a 
vacuum chamber ( ∼10–2 Pa). Figure S2 exhibits t he digital
photography of the prepared device after bonding. The output
(Ic–Vc curves) and t ransfer characteristics of t he metal-based
NVCT are shown in figures 2(a) and (b), respectively. Similar
to the typical FETs, the metal-based NVCT could be switched
in o ff- o r o n-state b y t he g ate v oltage. As i s s hown i n
figure 2(a), i t can be seen t hat no obvious emission current Ic
was measured when Vg is l ess than the t hreshold voltage (off-
state). As the Vg increases, the NVCT switches to the on-state
that Ic exhibit an exponentially growth with collector voltage
Vc. We note t hat t he NVCT exhibits a drive current as high as
the order of 10 μA, which i s about t wo orders of magnitude
higher t han previous metal-based devices. The high drive cur-
rent of t he NVCT i s attributed t o t he t hree-terminal collectors,
that dramatically i mprove t he efficiency of emitting/collecting
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electrons. Moreover, t he i nset shows t he Ic–Vc curves i n semi-
log s cale. We o bserve t hat o ur device a lso d emonstrates a 
current r ectifying b ehavior t hat c an b e u nderstood b y t he
simulations, a s i s s hown i n figure S3. I t i s n oted t hat t he

emitting electrons present crossed t rajectories under a r everse
bias, t hus s howing a c onventional d iode-like b ehavior.
Figure 2(b) i llustrates t he t ransfer characteristics i n exponential
scale with different Vc. The Ic–Vg plots indicate that Ic increases

Figure 1. (a) Electric field distribution of different vacuum nanogap structures. ( b) Peak field i ntensity normalized by t he value of single-
terminal as collector. (c) Schematic diagram of t he proposed metal-based NVCT. (d) Top view of SEM i mage of t he NVCT. (e) Zoomed-in
view of t he vacuum nanoscale channel.

Figure 2. (a) Output characteristic (Ic–Vc curves) corresponding to gate voltage increases from −2 to 6 V at 2 V intervals. The inset shows the
Ic–Vc curves i n semilog scale. (b) Transfer characteristic (Ic–Vg curves) plotted i n exponential scale. (c) Transfer characteristic of t he NVCT
when Vc=2 V, showing an on/off current r atio up t o 104. ( d) Leakage current ( Ig–Vg curve) of t he NVCT.
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exponentially with Vg with an on/off current r atio as high as
104 obtained.

Figure 2 (c) i llustrates t he t ransfer c haracteristic with
Vc=2 V in liner (black line) and exponential (red line) scale,
respectively. The electrons could be draw f rom t he emitter
with a positive gate voltage. The curves plotted in exponential
scale exhibit an on/off current ratio exceeding 104 due t o t he
small off-state current ( <0.1 nA), and t he subthreshold slope
is 0.72 V/dec. The high on/off c urrent r atio a nd l ow s ub-
threshold s lope s hows t hat o ur d evice p ossess e xcellent
modulation c apability t hat s trongly r elated with t he g ate
structure. For the t hree-terminals NVCT, t he emission current
is modulated by the back-gate structure, in which the insulator
plays a c rucial r ole i n t he d evice. We f urther d etect t he
leakage c urrent d uring t he measurement, a s i s s hown i n
figure 2(d). The gate l eakage current i s l ess t han 5 nA, which
is 104 t imes smaller t han t he emission current. However, t he
back-gate structures usually show an i nevitable compromise
between the gate controllability and the insulator thickness. A
thin i nsulating l ayer could enhance t he modulation ability of
back-gate while t he i nsulator s hould b e t hick e nough t o
acquire n egligible l eakage c urrent. T he p erformance o f
NVCT i s declined by t his t rade-off effect. We s uggest t hat
high-k materials c ould be utilized, e .g. Al2O3 or HfO2, t o
avoid b reakdown with t hinner i nsulators while e nhancing
modulation ability simultaneously.

3.2. Temporal r esponse measurement

Response s peed i s a lso a c ritical parameter of a n e lectron
device, which s ignifies t he c apability t o f ollow a r apidly
signal. Meanwhile, i t still l acks of t he experimental efforts of
the t emporal r esponse f or NVCT, which c annot r eveal t he
intrinsic superiority of t he nanoscale vacuum channel. Thus,
we also s tudy t he t emporal r esponse of t he proposed t hree-
terminals NVCT. The r esponse s peed o f t he metal-based
NVCT i n t his study i s evaluated by an oscilloscope and t he
input voltage i s generated by a signal generator. Figure 3(a)
shows t he output s ignal of t he NVCT c orresponding t o a 
square wave signal. We note that our device exhibits excellent
switching c haracteristic with a f ast r esponse f requency o f
500 KHz and good r eproducibility.

Furthermore, a single normalized cycle for estimating the
detailed r ise and f all t ime are i llustrated i n figures 3(b) and
(c), r espectively. Here t he r ise/fall t ime i s determined as t he
time i t t akes f or t he output voltage i ncrease f rom 10%(90%)
to 90%(10%) upon a change of i nput voltage. Notably, i t can
be seen t hat t he rise and fall t ime i s 65 and 54 ns, i llustrating
the demonstration of NVCT with t emporal r esponse i n sub-
100 ns time scale. For comparison, the experimental efforts on
the t hermionic NVCT a s e lectron s ource s till s tays i n t he
microsecond l evel as t he emission current i s driven by t he
thermal effect. This result can further verify t he advantage of
ultra-fast i nitiation f or field emission applications, compared
with t raditional bulky t hermionic emitters. On t he other hand,
the sub-100 ns t emporal r esponse exhibits t he essential qual-
ity o f NVCT, s howing i ts g reat p otentials i n h igh-speed
applications.

In addition, t he f ast r esponse measurement under pulse
with t he frequency of 500 KHz, 1MHz, 5MHz and 10MHz
are carried out ( figure S4), and t he values of r ise/fall t ime
with error bar is illustrated in figure 4, respectively. Under the
square wave signal, our device could demonstrate switching
performance with f ast r esponse and good r eproducibility f or
frequencies of 500 KHz, 1MHz and 5MHz, t hat t he on/off
current r atios still r emain consistent with t he i ncreasing f re-
quency. With the frequency reaching up to 10MHz, however,
the output of NVCT cannot achieve t he maximum when t he
input i s off, a s i s s hown i n figure S4. The upper l imit of
response t ime may b e a scribed mainly t o t he modulation
capacity o f t he g ate, t hat f urther o ptimizing t he o verlap
between gate contacts and emitter/collector could accelerate
the r esponse s peed. Nonetheless, i t i s worth noting t hat t he
response t ime of our device i s not i nferior t o t he r eported
FETs o r N VCTs b ased o n l ow-dimensional m aterials,
including c arbon n anotubes ( CNTs), g raphene o r TMDCs
(table 1).

3.3. Comparison of solid-state t ransistors and NVCTs

To compare t he performance of our device with t hose t ypical
solid-state t ransistors a nd NVCTs, t he a spects of operating
voltage, on/off r atio, subthreshold swing and r esponse t ime
are l isted i n t able 1. For t hese reported solid-state t ransistors,

Figure 3. (a) Temporal r esponse of t he emission current t urned on/off with t he f requency of 500 KHz. A single normalized cycle f or
estimating t he detailed ( b) r ise and ( c) f all t ime, r espectively. The r ise/fall t ime was defined as i ncreased/decreased f rom 10%/90% t o
90%/10% of t he stable current.
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the carriers t ransport from t he source t o t he drain t hrough t he
low-dimensional material c hannel, f ollowing t he d rift a nd
diffusion mechanism. We can find t hat all t he high-quality
solid-state t ransistors can demonstrate l ow operating voltages
(<5 V), high on/off ratio (>105) and low subthreshold swing
(<500 mV/dec), whereas t he r esponse t ime vary f rom each
other. Printed t hin film t ransistor (TFT) based on CNTs were
demonstrated t o e xhibit e xcellent s witching c haracteristics
with on/off ratio of 105 with supply voltage below 3 V, while
the r esponse t ime s till r emains i n t he order of microsecond
[28]. I n addition t o bare CNT TFTs, Kim et al selected zinc
tin oxide ( ZTO) as t he active semiconductor due t o i ts high
mobility, t hat t he hybrid TFTs could perform an ultra-high
on/off r atio of 2.6× 107 with r esponse t ime of 140 ns [ 29].
FETs b ased o n s ub-10 n m wide g raphene n anoribbons
reported t he best electrical performances among all i ntrinsic
graphene-based solid-state t ransistors with an on/off current
ratio up to 106 and a subthreshold swing of 210 mV/dec [30].
Transition metal dichalcogenides ( TMDCs) can also be uti-
lized i n high-speed t ransistors. Duan and co-workers reported
the state-of-art MoS2 transistor, achieving a response time less
than 1 ns [ 31]. By comparing t he electrical properties, i t i s
worth noting t hat t he performance of our NVCT i s not f ar
behind from those high-quality solid-state transistors based on
low-dimensional materials, showing the potential of NVCT in
high-speed and l ow cost applications.

Similarly, f or NVCTs composed of other materials and
structure, e lectrons t unnel f rom t he e mitters a nd t ravel

ballistically i n t he vacuum channel when t he gate voltage i s
beyond t he t hreshold. Many efforts have already been made
to downscale the width of vacuum channel and realize the on-
chip v acuum t ransistors. T o o ur k nowledge, t he fi rst
demonstration of NVCT was by Meyyappan et al i n 2012
with s tandard s ilicon s emiconductor p rocessing [ 15]. The
back-gate NVCT based on silicon were reported have an on/
off r atio up t o 106, whereas with a high operating voltage of
15 V and a l arge s ubthreshold s lope of 4200 mV/dec. Nir-
antar et al presented t he all-metal NVCT with channel l ess
than mean-free-path i n a ir ( 68 nm), which c ould e nable
devices t o f unction with l ow operating voltage ( <5 V) i n air
medium, but only a l ow on/off r atio of 103 was experimen-
tally demonstrated [ 20]. On t he other hand, l ow-dimensional
materials such as graphene could also be utilized as t he field
emitters. Wei et al exhibit t he graphene-based NVCT with
on/off c urrent r atio up t o 106 and a s ubthreshold s lope of
120 mV/dec [ 10]. T hese r esults d emonstrate t hat NVCT
could combine the advantages of both solid-state and vacuum
electronics with low power consumption and high integration.
Meanwhile, t he experimental efforts of t he t emporal response
for NVCT a re r ather deficient, c ompared t o t he s olid-state
transistors. Apart f rom t he c omparable values of operating
voltages ( <10 V), o n/off r atio ( >105) a nd s ubthreshold
swing (∼720 mV/dec), our devices present the demonstration
of the response time less than 100 ns, which may overturn the
stereotype t hat vacuum devices are i nferior t o t he solid-state
devices.

Figure 4. (a) The r ise t ime and ( b) f all t ime under square wave signal with t he i nput f requency of 500 KHz, 1 MHz, 5 MHz and 10 MHz,
respectively.

Table 1. Comparison of solid-state t ransistors and NVCTs.

Device Operating voltage ( V) On/off r atio Subthreshold swing ( mV/dec) Response t ime ( ns) References

CNT TFT <3 V ∼105 — 1200 [28]
SWCNT/ZTO TFT <5 V 2.6×107 — 140 [29]
Gr-based FET <5 V ∼106 210 — [30]
MoS2 t ransistor <5 V ∼107 — 0.58 [31]
Si-based NVCT <15 V 106 4200 — [15]
Gr-based NVCT <15 V ∼106 120 <1000 [10]
Metal-based NVCT <5 V ∼103 — — [20]
This paper <10 V 1.5×105 720 68
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In general, t he high s peed r esponse performance may
mainly attribute t o t he essential f eature of t he vacuum chan-
nel, t hat t he velocity of e lectrons may be a ccelerated with
minimal c ollision o r s cattering, t raveling b allistically f rom
emitters t o collectors. Moreover, t he conspicuous advantage
of v acuum d evices i s t heir c apacity o f f unctioning u nder
extreme e nvironment with l ess degradation t han t he s olid-
state devices [ 19]. Meyyappan e t al have f abricated a s ur-
round-gate NVCT a nd t he d evice was p roved t o o perate
normally under t he i onizing r adiation ( proton a nd Gamma
ray) or high temperature conditions (200 °C) [9]. Nonetheless,
a s traight c omparison b etween s olid-state a nd v acuum
nanoelectronics of t heir electrical performance and reliability
is s carce. We hope t hat i t c ould be presented i n a f uture
publication, demonstrating t hat vacuum-on-chip devices are
vital and s uperior t o CMOS i n s pecific areas. However, an
obvious shortage of all the NVCTs is the large supply voltage
and a subsequent high electrical field t hat motivates t he field
emission. Due to the intense electrical field at the emitters, the
accumulated Joule heating may l imit t he speed of NVCTs. In
addition, t he power efficiency i s also a concerned problem as
the h igh working v oltage u p t o t ens o f v olts. F urther
improvement may be derived f rom emitters with l ow work
function materials or s tructure optimization s uch a s device
downscaling and geometry engineering [ 7, 32–37]. Besides,
the s ubstrate may be t he main l imiting f actor f or t he t rans-
portation f or l ateral-type NVCTs. Generally, t he NVCTs
consists o f t wo c ategories, l ateral- a nd v ertical-type. F or
vertical-type NVCTs, t he emitters are perpendicularly f abri-
cated on t he substrate, e.g. CNTs or SiC, t hat electrons can
freely t ravel t hrough t he vacuum channel without s cattering
or collisions from the substrate. In lateral-type devices, on the
other hand, t he emitters and collectors are usually f abricated
in t he s ame plane of t he s ubstrate s urface. The noticeable
advantage f or l ateral devices l ies i n t he design f reedom, t hat
the s tructure parameters s uch a s gap-spacings or e lectrode
shapes can be simply achieved by l ayout variation. However,
with current flowing horizontally, t he electrons would i nevi-
tably s uffer backscattering or c ollisions f rom t he s ubstrate.
Han e t al s uggested t hat a s urround-gate s tructure c an be
utilized i n t he l ateral NVCTs, r ather t han back- or bottom-
gate, providing the best electrostatic control of transport in the
vacuum channel [ 38]. I t may be an alternative approach t o
solve t he l imiting f actors of t he substrate.

3.4. Theoretical discussion

Different f rom t he d rift-diffusion mechanism o f s olid-state
transistors, t he carrier t ransport i n t he vacuum nano-channel i s
dominated by t he t unneling process. Figure 5(a) s hows t he
band diagram of NVCT switches from off-state to on-state with
increasing gate voltage. When t he gate voltage i s l ess t han t he
threshold voltage, only a f ew e lectrons c ould overcome t he
broad barrier due t o t he t hermal energy. Meanwhile, t he width
of t he b arrier c an b e c ompressed with t he i ncreasing g ate
voltage. As t he gate voltage i ncreases beyond t he t hreshold
voltage, the electrons could overcome t he narrowed barrier via
F–N t unneling, l eading t o t he on-state of t he NVCT.

In order t o further explain t hese experimental results, we
resort t o basic t unneling model and semiconductor t heory. I t
is crucial t o determine t he t unneling mechanism t hat NVCT
follows, s o t hat t he I –V c urves need t o be e xamined a nd
redraw t o fit t he e stablished models. The c lassic Fowler–
Nordheim ( F–N) t unneling t heory [ 39, 40] can be expressed
by t he f ollowing equation

( ) ( ) (      )/ /b b= F - FI A V d B d Vexp , 1FN C C
2 2   2     3

2

where A=1.56×10−6 ( A V−2 eV) a nd B=6.83×109

(V eV−3/2 V m−1) are constants, I is the emission current, β is
the fi eld e nhancement f actor r elated t o t he materials a nd
emitter geometry, Φ i s t he work f unction ( eV), d i s t he dis-
tance between t he emitter and collector, and V i s t he applied
voltage. By t aking t he l ogarithm of both sides, equation ( 1)
turns i nto

( ) ( ) ( ) ( )/ /= -I V a b Vln ln 1 2FN C C
2

in which the linearity tendency of ln(I/V2) versus 1/V testifies
that F –N t unneling mechanism i s d ominated f or c arriers
transportation.

Hence, t he F–N plots f or I c–Vc curve with Vg=2 V i n
figure 5(b) i llustrates t hat our device a grees with t he F–N
theory, and t he field enhancement β of 4193.7 i s acquired by
calculation a ccording t o e quation ( 1). Meanwhile, a n u p-
bending t rend i s n oted a t l ow s upply v oltage r egime.
Meyyappan et al suggested t hat t his phenomenon may attri-
bute t o t he protrusion of t he emitter t hat creating more pos-
sible e mitting s pots [ 9, 41]. However, t he variation of t he
slope i ndicates t hat t he e mission e fficiency b ecomes p oor
along with the decreasing electric field. According to the band
diagram, we s uppose t hat t he current emission at l ow oper-
ating voltage i s r elated with Schottky e mission by t hermal
effect. With an applied bias, t he energy barrier i s l owered by
the i mage f orce, which i s called t he Schottky effect. As t he
barrier width is too broad to tunneling, that only few electrons
may overcome t he energy barrier at t he metal-vacuum i nter-
face, due to the thermal energy. The Schottky emission can be
expressed as [ 42]

( ) ( )//b= F -I AT V kTexp , 3CSchottky
2 1 2

where A i s t he effective Richardson constant, T i s t he t emp-
erature, β i s t he dielectric constant, k i s t he Boltzman’s con-
stant. By t aking t he l ogarithm of both sides, t he plots of l nIc
versus /Vc

1 2 will appear as a straight line at a constant T. As a
result, we extract the I–V plots at low bias and redraw it in the
form o f l nIc v ersus /V ,  c

1 2 a s i s s hown i n fi gure 5 (c).
Obviously, t he l inearity conforms t he Schottky emission i n
our device with l ow supply voltage. Besides, t he l ow current
emission may also attribute t o t he t unneling electrons i n SiO2

layer which conforms t o t he Frenkel–Poole ( F–P) t ransport.
Di Bartolomeo e t a l s uggested t hat t he e lectrons may b e
injected in the trapping states of the oxide for F–P model [43].
In this case, the tunneling electrons can move in a sequence of
trapping states, l eading t o t he r eduction of t he barrier. As a
result, combining the above analysis, it is assumed that only a
few o f h igh-energy e lectrons may ‘ climb’ o ver t he b road
vacuum barrier or t unneling t hrough t he oxide l ayer i n l ow
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working voltage regime. As the electric field further increases,
F–N theory becomes the dominating factor that a dramatically
increasing emission current can be detected.

4. Conclusions

In summary, a metal-based NVCT i s successfully f abricated
by s tandard CMOS p rocess. With t he s pecially d esigned
three-terminals s tructure, e mission/collection e fficiency a re
improved t o obtain high e mission c urrent. I mportantly, we
further present a t urn-on/off t ime l ess t han 100 ns f or t he
NVCT, which i s f ar superior t o proposed t hermionic or cold
field emission NVCTs. By modulating t he back-gate voltage,
the NVCT c ould b e s witched f rom o ff-state t o o n-state,
exhibiting an on/off current r atio up t o 104 with high drive
current ( >10 μA) a nd l ow working voltages ( <10 V). Fur-
thermore, b asic t unneling model i s u tilized t o e xplain t he
experimental results. We note that F–N t unneling is dominant
at h igh e lectric fi eld, while t he c urrent e mission a t l ow
operating voltage i s r elated with Schottky emission by t her-
mal effect. The f ast t emporal r esponse and capacity of high
integration i ndicate t he potential of NVCT i n high speed and
low cost applications.
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