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The reproducibility of complementary metal-oxide-semiconductor (CMOS) technology makes it
very promising for creating commercially available vacuum emission micro/nanoelectronic devices.
However, there are a number of challenges that occur with CMOS, including current hysteresis,
transition to the generation of self-sustained plasma, and thermal melting of the cathode. These
issues affect the process of field-electron emission and lead to instability and subsequent degrada-
tion of field-emission cathodes. More detailed study is needed in order to address these negative
effects. In this study, an array of nanoscale silicon needle-type cathodes and a single blade-type
cathode were placed in vacuum to characterize their field-emission properties. The hysteresis nature
of the field-emission current and the smooth transition from field emission to the generation of
self-sustained plasma in the interelectrode space were simultaneously observed. Based on these
experimental results, the authors propose the possible origins and mechanisms underlying these two
phenomena. It was theoretically found that at field-emission currents corresponding to the observed
melting point of the silicon nanocathodes, the melting point of silicon is not reached, which indi-
cates the need to take into account additional effects of field emission, such as sputtering of the
anode material. The results are useful for developing field-emission nanodevices based on silicon

CMOS technology. Published by the AVS. https://doi.org/10.1116/1.5068688

I. INTRODUCTION

Recently, there has been renewed interest in vacuum
nanoelectronics, particularly with regard to the development
of field-emission nanodevices. This is due to the progress
achieved in the nanofabrication technology used to create
nanoscale vacuum diode and triode structures.'® The use of
nanoscale vacuum channel makes it possible for vacuum
nanoelectronic devices to approach their semiconductor
counterparts in terms of power consumption and perfor-
mance. This channel also eliminates the need for vacuum
packaging, since the probability of electrons colliding with
gas molecules at such small scales is practically negligible.’
The main advantages of field-emission nanodevices over
solid-state electronics are attributed to their ability to operate
at extremely high frequencies (in the THz range). This is
made possible by the high charge mobility in vacuum.
Vacuum nanoelectronics is also suitable for applications in
harsh environments including high temperature and radiation,
which pose challenges for modern solid-state devices and
limit their performance.®’

Despite significant progress and prospects for the use of
such vacuum nanoelectronic devices (based on the
field-emission effect), there are still a number of obstacles to
overcome before they can be put into commercial use. For
example, the proposed manufacturing methods, materials,
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and designs of vacuum field-emission cathodes do not allow
for sufficient stability of current emission and durability
of devices that use them. The undesirable effects of the
field-emission process need to be studied further to under-
stand how they impact the field-emission characteristics of
nanoscale emitters.

The existence of a smooth transition from field emission
to the plasma generation mode has been demonstrated at
atmospheric pressure in the case of metal field emitters.'%"!
More interestingly, a similar transition to stable plasma dis-
charge was detected under low vacuum conditions during
field emission from silicon pencil-shaped cathodes in the
case of high emission currents.'> As another physical effect,
the hysteresis behavior of the field-emission characteristics of
carbon nanostructures has been illustrated in a number of
experimental works.'>'* This behavior can be explained by
the processes of gas adsorption—desorption on the surface of
emitters. However, the simultaneous presence of these phe-
nomena for individual types and materials of nanoscale field
emitters under low vacuum conditions had not previously
been considered in detail.

Another important issue is the need to develop new theo-
retical approaches to field emission for nanoscale emitters.
The existing classical Fowler—Nordheim emission theory is
not compatible with an experiment on these scales (less than
20 nm) where dimensional and quantum-mechanical effects
due to the transition to atomic sizes of the emission area
must be taken into account.'” The causes of cathode melting
during field emission also are not fully understood. These
phenomena may be due to the combined effect of thermal
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heating of the cathode by hot electrons in the near-surface
layer of the emitter and the bombardment of its surface by
high-energy ionized anode particles that occur when the
anode material is sputtered during the field emission.

Currently, most studies of the field-emission process
focus on metal and carbonlike nanoscale emitters that dem-
onstrate longer lifetime and high field-emission efficiency.'®
Nevertheless, it should be noted that mass production of
vacuum field-emission nanodevices is possible only with the
use of silicon complementary metal-oxide-semiconductor
technology, which, due to its high reproducibility and wide
distribution in modern electronics, remains the only technol-
ogy suitable for these purposes.'” Thus, considering the phe-
nomena accompanying the field-emission process as applied
to nanosized silicon cathodes in various configurations is of
particular practical interest.

Section I describes the technology route for creating the
array of nanoscale silicon needle-type field emitters and a
single sample of the silicon blade-type field emitter. The
experimental set-up for measuring the field-emission char-
acteristics of these structures is described. The theoretical
model of the semiconductor cathode heating induced by the
field-emission current is also presented. In Sec. II, we
discuss the results of experimental studies of current—
voltage characteristics of the silicon field nanoemitters,
which are used to analyze the possible causes for the transi-
tion from field emission to the generation of self-sustained
plasma and the corresponding appearance of hysteresis
current loops during the experiment for several measure-
ment cycles. The theoretical aspects of the thermal heating
of silicon nanocathodes in the process of field emission are
also briefly described. Finally, Sec. III provides the conclu-
sions on this work and possible proposals for further
research.

Il. MATERIALS AND METHODS
A. Sample preparation

Arrays of nanoscale needle-type field emitters were fab-
ricated using the following steps: phosphorus-doped
(n-type) silicon wafers with (100) orientation and 150 mm
diameter were oxidized in oxygen with water vapor (thick-
ness of obtained SiO, layer was 0.3 um). Then, a SizNy
layer was deposited on them as a masking layer (thickness
of 0.1 um), after which photolithography was performed
to form T-shaped oxide-nitride caps for silicon nanotips.
The profile of the tip was formed using plasma-chemical
etching in a mixture of SFg and O, with an anisotropy
coefficient of 2.5.

The oxidation process for sharpening the silicon cathode
was performed in dry oxygen ambient (silicon tips obtained
after oxidation in wet oxygen had large dispersion of the tip
curvature). Then, the SiO, layer (about 200nm) was
removed from the sample along with the mask layer.

In turn, blade-type cathodes were made using anisotropic
etching of thinned silicon wafers with (100) orientation in
10% KOH at a temperature of 80 °C to the full depth along
the (111) crystallographic planes.
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The front and back sides of the thinned wafer were oxi-
dized in dry oxygen, followed by photolithography on the
front side to form V-shaped trenches. Due to the features of
anisotropic etching, silicon blade-type field emitters were
obtained with an apex angle of 54.74°. Figure 1 shows SEM
images of the obtained structures: the array of nanoscale
silicon needle-type emitters [see Fig. 1(a)] and a single
silicon blade-type field emitter with the nanoscale tip curva-
ture [see Fig. 1(b)].

B. Experimental set-up

The electrode system in the experimental set-up contains
a test sample of field-emission nanoscale structures (the array
of silicon needle-type field emitters or single blade-type
cathode) set on the metal cylinder with filament. The cylin-
der was then put into a ceramic holder (cathode node from
vacuum tube) to provide indirect heating, as shown for the
blade-type emitter in Fig. 1(b). The distance between the
cathode and anode was regulated by a mechanical micro
screw. Depending on the type of sample under investigation,
the anode was made either of 0.7 mm tungsten wire with a
polished flat tip (in the case of the array of needle-type emit-
ters) or a silicon wafer with a deposited platinum layer (in
the case of a blade-type cathode). The electrode system was
placed in a vacuum chamber with a pressure of 3-107* Pa. A
1-MQ ballast resistor and 10-kQ measuring resistor were
connected to the electrode circuit. The voltage drop across
the measuring resistor was measured using a ZET 017-U2
spectral analyzer. The measured voltage signal was then con-
verted into a current of silicon field emitters (Fig. 2).

Measurement of the voltage drop on the electrodes is per-
formed in the voltage divider circuit. After completing the
current—voltage characterization experiment, the measured
values of the signals were converted to the corresponding
values of current and voltage.

C. Theory and computational methods

The thermal effects of the field-electron emission were
confirmed by the results of our experimental studies. In the
nanosized silicon tips, we observed thermal degradation of
the cathode accompanied by melting of the cathode emission
region and the appearance of microdroplets on its surface.
The SEM images of the emitter in Fig. 3 clearly show the
moments when the field-emission current was switched on
and switched off.

To verify these results, we used coMSOL MULTIPHYSICS Soft-
ware'® to develop a self-consistent three-dimensional model
that describes the field emission from silicon nanotips, taking
into account the thermal phenomena associated with the pen-
etration of an electric field into a semiconductor.

To calculate the electric potential Vi(x,y, z) =
—@g(x, y, 7)/e that is responsible for the local band bending
in the n-type (p-type) silicon field emitter due to the penetra-
tion of the electric field E,,. from vacuum into the near-
surface layer of the semiconductor, the Poisson equation
from Ref. 19 was implemented in our model in spherical
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Fic. 1. SEM images of the obtained test samples for measuring the current—voltage characteristics: (a) the array of silicon needle-type field emitters and (b) a
single silicon blade-type field emitter. The inset shows an enlarged scale of the marked areas.

coordinates Ny = @s/kpT; 15 =r/8; r= /x> +y?+2* is the point’s
distance from the origin inside the field emitter; Ny, is the

d277<p 2dn, NN | donor (acceptor) concentration; § = (eoksT/ 2n;¢*)'/? is the
dar3 s drs = /(g Na> No)- M Debye screening length of the semiconductor; ¢ is the dielec-
tric constant of the semiconductor; & is the vacuum permit-
From Eq. (1), ¢g is the potential energy of the electron; tivity; kg is the Boltzmann constant; T is the temperature of
voltage
supply
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I
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Fic. 2. Schematic presentation of the experimental set-up for the
field-emission measurement of the array of silicon needle-type or blade-type Fic. 3. SEM images of the silicon field emitter located on the cantilever (a)
field emitters. before and (b) after field-electron emission.
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the emitter; e is the electron charge; and n; is the intrinsic
carrier concentration in the semiconductor at a given temper-
ature. In the case of the fully ionized impurities, the function
f(ng» Nay Ng) on the right side of Eq. (1) is determined by
the simple expression

(173, N> M, M, 12) — 2sinh () @
2 b

where 7l =ep/kgT, 1 = &c)/ksT, 15 = sinh™!
((Ng — Na)/2n;) = @p/ksT, ¢p =éeri —€r, €r is the
intrinsic Fermi level, €r is the Fermi level, &, is the
bottom (top) of the (valence) conduction band, and
® = (1Y, Ny, M, My, 1) is  the  function  determined
through the half-order Fermi-Dirac integrals. To solve
Eq. (1) numerically, we used the next boundary condition
in the bulk dn,/drs(rs — —o0) = 0.

In turn, the temperature of the silicon nanotip (mainly due
to the Joule heating by the field-emission current) was calcu-
lated based on the self-consistent heat conduction equation

f(77<p, Na’ Nd) =

or ,
PCYT) 5 =V - (KVT) = py(Evac) (Erac), 3)

where p is the volumetric mass density of the emitter mate-
rial, C,(T) is the heat capacity of the emitter material at cons-
tant pressure, k is the thermal conductivity of the emitter
material, p,, = (ern,) is the resistivity of the emitter mate-
rial, py =up(T, Ny@ay) 1is the carrier mobility, n, =
Ny €xp (—n,,) is the equilibrium carrier concentration for an
n-type (p-type) semiconductor,”®  where Ne = Ne(Evac)
should be obtained from Eq. (1), and J, = J.(n,) is the
field-emission current density, which was taken from the
quantum-mechanical calculations of the field-electron emis-
sion from the silicon nanotip.*!

lll. RESULTS AND DISCUSSION

Based on the experimental set-up, the current—voltage
characteristics were measured for samples of a single blade-
type field emitter and the array of needle-type nanocathodes
made using silicon technology (images shown in Fig. 1).
Figure 4 shows the variation in emission current from a
single silicon blade-type emitter with the anode voltage for
three measurement cycles when the cathode—anode distance
was 40 ym. As illustrated in Fig. 4, there was a smooth tran-
sition from the field emission to the plasma discharge excita-
tion in all three cases. Such a transition is characterized by a
linear dependence of the emission current on the anode
voltage, which follows the hysteresis region in the upper part
of the graphs. Such an effect with nonhysteresis current
behavior during the transition between the field-emission
mode and the generation of a microarc discharge was previ-
ously described in Ref. 12 as a result of field-emission mea-
surements for silicon pencil-shaped emitters under low
vacuum conditions. In the current study, for all three curves,
current—voltage hysteresis was observed, which may be due
to the adsorption effects on the surface of the blade nano-
cathode, arising from some contamination from the
field-emission process. At the same time, a slight expansion
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Fic. 4. Current—voltage characteristics of the silicon blade-type field emitter
obtained for three measurement cycles [(a)—(c)] at a distance of 40um
between the anode and cathode. The arrows show the direction of passage of
the current loop during the measurements.

of the current loops occurred during the transition from the
first to the third measurement cycle.

Similar measurements of the field-emission current were
performed for the array of silicon needle-type emitters [see
Fig. 5(a)], where the distance between the anode and
cathode was 30 um. In this case, the current—voltage char-
acteristics also exhibited hysteresis; however, no narrowing
of the current loop was observed when approaching the
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FiG. 5. (a) Current—voltage characteristics of the array of silicon needle-type
field emitters obtained at a distance of 30um between the anode and
cathode. The arrows show the direction of passage of the current loop
during the measurements. (b) The maximum temperature of the silicon
needle-type emitter vs the field-emission current I, (anode voltage V).
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plasma generation threshold. Thus, the change in the
maximum temperature of the cathode tip [Fig. 5(b)], cal-
culated within the framework of the developed theoretical
model for the observed field-emission currents, does not
exceed the melting point of Si. However, in certain cases,
these currents can lead to serious deformation of the cathode,
which is confirmed by the experiment and was previously
illustrated in Fig. 3. Therefore, additional factors should be
considered, such as sputtering of the anode material during
the emission process.

Significant power densities up to 300 W/cm® were
achieved at the anode surface, which was evaluated taking
into account the variation in the spot size area at different
emission currents. This feature can lead to heating of the
anode surface by hot emitted electrons, which, in turn, accel-
erates the desorption processes on it. The bombardment of
the anode by field-emission products from the cathode leads
to the sputtering of its material and induce the flow of high-
energy ionized anode particles toward the emitter surface as
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Fic. 6. Fowler—-Nordheim plot of the current—voltage characteristics
obtained for (a) the single silicon blade-type field emitter and (b) the array
of silicon needle-type field emitters, respectively. The insets show photos
of the plasma discharge in each case. The dotted line indicates the field-
emission region.
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an additional heat source. The threshold of emission current,
providing the transition from field emission to self-sustained
plasma generation in the microscale electrode gap,'® was
also observed in our experiment, which may be caused
by the anode sputtering. Figure 6 shows the current—
voltage characteristics of silicon field nanoemitters from
Figs. 4 and 5, recalculated in the Fowler—Nordheim coordi-
nates. On these characteristics, four regions of the current
versus voltage are easily distinguished: 1, leakage region; 2,
field-emission region; 3, glow discharge area; and 4, micro-
arc discharge area. As it can be seen from Fig. 6, a smooth
transition to the emergence of self-sustained plasma for an
array of needle-type emitters occurs at currents of the order
of 1 uA, while for single blade-type emitters, this transition
occurs much later—at a current of about 3.5 uA. A distinc-
tive feature of the field emission from blade cathodes is that
there is a linear increase in current toward high voltages
when switching to an arc discharge area. This contrasts to
the effects that occur during plasma generation in the case
of measurements of an array of needle-type silicon nano-
cathodes. A variation in the discharge plasma color was also
observed in the experiment for different cases (when mea-
suring blade-type nanocathodes, arc discharge plasma is red
in color, compared to blue for the needle-type nanocatho-
des). This may be explained by the different anode materials
used in the two field-emission experiments conducted here.
The increase in leakage current is associated with the spe-
cific features of the experimental set-up and the design of
the cathode—anode electronic system.

These results should be taken into account when design-
ing vacuum nanoelectronic devices, and these effects will be
discussed in more detail in subsequent studies for various
types of silicon emitters.

IV. CONCLUSIONS

A study of the current—voltage characteristics of silicon
blade-type and needle-type field nanoemitters was conducted
under low vacuum conditions. In the process of experimental
studies, a smooth transition was observed from the
field-emission mode to the plasma generation mode with a
change in the type of discharge from glow to arc. The possi-
ble causes of the generation of self-sustained emission in the
space between the anode and cathode were analyzed.
Experimental results and theoretical calculations confirmed
that sputtering of the anode in the process of field emission
led to melting of the cathode. For given emission currents
observed in the experiment with the array of silicon needle-
type field emitters, it was theoretically shown that the calcu-
lated tip temperature of such emitters does not exceed the
melting point of Si, which indicates the influence of addi-
tional heat sources. In the case of the single blade nanoca-
thode, a distinctive feature of the transition to a microarc
discharge was a linear increase in the current in the direction
of voltage growth. This differs from the standard plasma
generation process in the interelectrode space (as is described
in several previous works'®'?). The current hysteresis
observed during such a transition may be due to adsorption

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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processes occurring as a result of sputtering of the anode on
the surface of the emission region.

The considered effects play an important role in the devel-
opment of vacuum nanoelectronic devices operating on the
principles of field emission. Further research is required to
describe the features of field emission from nanoscale emit-
ters and to develop new theoretical approaches to character-
ize the experimentally observed mechanisms of emission
side effects (such as thermal instability, plasma generation,
and current hysteresis).
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