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Abstract. In this paper, the novel cold electron emitters based on nanostructured SiC layers
covering the Si(001) substrate have been proposed. Their main advantage is an extremely
simple and cost-effective manufacturing process based on the standard microelectronics-
grade silicon wafers with no ultra-high vacuum required and no complicated chemical
deposition processes or toxic chemicals involved. It integrates within a single technological
step both the SiC growth and nanostructuring the surface in the form of nanosized
protrusions, which is extremely beneficial for cathode applications. A simple mathematical
model predicts field emission current densities and turn-on electric fields, which would
allow practical device applications. According to our estimations, emission currents in the
milli-Amp range can be harvested from one square centimeter of the cathode surface with
electric field close to 10" V/m. So, the nanostructured SiC can be the promising material for

the cold electron emitters.
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1. Introduction

Intensive study of the novel electron sources for field
emission (FE) devices, based on wide gap materials like
GaN, diamond etc., is being carried out in recent years
(see, e.g. [1] and Refs. therein). The unique SiC
properties (see, e.g. [2]), its high chemical and thermal
stability makes this semiconductor promising for
numerous applications. Namely, wide band gap (3.03 eV
for 6H-SiC and 4H-SiC) permits SiC devices to operate
at rather high temperatures without suffering from
intrinsic conduction effects. Extremely high breakdown
electric field (2.4x10* MV/m) enables SiC to withstand a
voltage gradient over eight times greater than for Si or
GaAs without undergoing an avalanche breakdown. At
room temperature, SiC has a higher thermal conductivity
than any metal. This property enables SiC devices to
operate at extremely high power levels and still dissipate
large amounts of excess heat. High saturated electron
drift velocity in SiC (2x10°m/s for F > 2x10’ V/m)
permits a high frequency operation. These unique
properties can make SiC suitable for applications in
vacuum electronics as well.

In this paper, we study nanostructured SiC layers on
the Si(001) substrate as a promising novel material for
the cold FE. The effective FE device operation needs
availability of three factors: existence of a sufficient
reservoir of electrons; good channel of electron supply to
the emitting surface; high emitting properties of this
surface. The energy band diagram of the proposed
structure is presented in Fig. 1. A highly doped n*-type Si
substrate can serve as the electrons reservoir. The
nanostructured layer of SiC with electron conductivity
(the latter can be achieved by doping of different SiC
modifications with N. See, e.g. [3, 4]) can be grown on
top of this substrate. To enhance emission from the SiC
surface, it is helpful to shape it in the form of an array of
protrusions with small radii of curvature. In this case, an
electric field on the protrusions’ apexes will be amplified
in comparison to the value corresponding to the
geometrically flat surface (provided all other conditions
unchanged), serving as a cathode to which a negative
potential is applied relatively to the ground. A stronger
electric field will effectively reduce the height and
thickness of the FE tunneling barrier, thus leading to
higher electron emission current.
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Fig. 1. Film/substrate system under examination: n*-Si
substrate as an electron reservoir, wide-gap SiC as an emitter
for FE. Hatching depicts the filled electron states.

2. Manufacturing process and characterization

In this section, we consider possible technological routes
to practical realization of the theoretical concept
described above. A straightforward way is to grow a SiC
layer of sufficient thickness on the top of Si substrate by
means of a suitable chemical vapor deposition (CVD)
process, then use optical or electron beam
nanolithography technique in order to achieve a desired
morphology of the SiC layer. This route, although
capable of producing a strictly pre-defined geometry of
the nano-protrusions as well as their relative placement,
has a substantial drawback of high cost and complexity.
Namely, in addition to the SiC growth step it requires
such additional steps as deposition, exposure and
dissolution of the resist layer, etching of the SiC layer,
rinsing, etc. Alternatively, one can try to develop a self-
assembly process, with SiC growth and nanoprotrusions
formation combined into a single step. Potentially, it can
reduce the cost of manufacturing the FE devices by a
rather substantial margin.

When it comes to creating nanostructures on the
initially flat surface, which serves as one of capacitor’s
electrodes, a strategy proposed by V. Gill et al. [5] seems
to be extremely promising. They conclude that
minimization of the system’s free energy can lead to self-
assembly of micro- to nano-scale islands on the
conducting surface, provided a self-diffusion of its
constituent material is activated. It is then a matter of
tuning the value of surface diffusion coefficient (in
practice this can be performed by changing the
substrate’s temperature), the capacitor’s geometry and
the voltage applied to it in order to achieve the desired
surface morphology. As a source of carbon for SiC
deposition, a number of pyrolithically decomposing
hydrocarbon molecules can be taken. For example, a
model hydrocarbon precursor C,H, was shown to
produce SiC, if admitted to the Si(001) surface at
temperatures between 1000 and 1200 °C [6]. C,H, is not
unique in this role, and as demonstrated recently by
one of us [7], even an uncontrolled residual atmosphere
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Fig. 2. Experimental setup for nanostructures self-assembly
driven by an electric field. The cathode, sample and pyrometric
filament are mounted in an ultra-high vacuum chamber.
Voltages and currents are delivered from outside of the
chamber by means of metal-ceramic electrical vacuum
feedthroughs. The sample and pyrometric filament can be
observed from the outside of the chamber through the vacuum
viewport.

of the typical vacuum chamber, which is known to
contain various hydrocarbon molecules, can deliver
carbon to the semiconductor surface through a pyrolithic
decomposition.

Our experimental setup, which was used for SiC
nanostructured growth on the Si(001) substrate is shown
in Fig. 2. It was constructed inside a standard stainless
steel ultrahigh vacuum chamber, with a base pressure of
3x107 mbar achieved by oil-free pumping. We have
used samples cut from microelectronics grade single side
polished Si(001) wafers. The backside of the sample
(unpolished side) was bombarded by electrons emitted
from a compact thermionic cathode, which consisted of a
tungsten wire directly heated by passing of alternative
current from a regulated power supply. An accelerating
DC voltage up to 3 kV was applied between the cathode
and the sample, determining the electrons Kinetic energy
that is to be dissipated as heat inside the sample. Varying
the accelerating voltage and the electron emission current
from the cathode (by changing its temperature), we could
achieve the same power dissipated in the sample at
different values of the electric field at the front side
(polished) surface. The counter electrode for creating this
electric field was a 20 cm long W filament stretched 1 cm
away and running parallel to the Si(001) surface. This
filament was also used as a simple pyrometer by means
of its visual observation through an appropriate vacuum
viewport. As long as the wire was not discernible on the
silicon surface background, their temperatures were
estimated as equal. In its turn, the temperature of the
pyrometric wire of the known diameter can be set
precisely by selecting the value of the current flowing
through it (adopting an approximation of infinite length).
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After in-situ thermal treatment under the influence of
electric field and cooling down to room temperature, the
samples were investigated ex-situ by means of non-
contact atomic force (AFM) microscopy in the ambient
environment.

Initially, we prepared an atomically clean silicon
surface by means of “outgassing” the silicon sample at
600 °C for several hours followed by repeated cycles of
“flash”-annealing at 1200 °C (typically several dozen
cycles). Each cycle’s duration was typically several
dozens of seconds, limited by a strict requirement of
keeping the residual gases pressure close to 10 *° mbar.
The acceleration voltage for electron bombardment was
equal to 1 kV. In Fig. 3a, we show an AFM image of the
Si(001) surface prepared in accord to this procedure. The
surface is mostly flat, except for some minor
contamination by dust particles, which is unavoidable as
long as the sample is in the ambient environment. A
detailed in-situ investigation of this surface by means of
scanning tunneling microscopy (STM), which was
reported previously by one of us [8], has demonstrated
that it consists of atomically flat terraces separated by
single atomic steps, with a 2x1 dimer row reconstruction
on top of each terrace. This fact proves beyond any doubt
that the atomically clean Si(001) surface was indeed
achieved by the preparation procedure described above.

Next, we used an identical preparation procedure in
terms of the thermal treatment regiment, however the
electron bombardment was performed with 2.6 keV
accelerating voltage. The AFM image of this sample is
shown in Fig.3b. The only physically meaningful
difference between the cases of Figs 3a and 3b is a higher
electric field at the sample’s surface in the latter case.
Obviously, it produces well protruding silicon
nanocrystals on top of the flat background. This result is
perfectly in-line with the prediction of V. Gill et al. [5].
In simple terms it can be explained in the following way:
at 1200 °C there is a rapid self-diffusion within the
surface layer of the sample. This leads to stochastic
transport of silicon atoms, hence fluctuations in the form
of local accumulations of sample’s material. They act as
protrusions, decreasing the local radius of surface
curvature and amplifying the electric field in these
locations. As a result, in-plane surface gradients of
electric field arise, and the atoms diffusing around the
neighboring surface areas start to be dragged into the
stronger electric field locations as induced electric
dipoles. This leads to even greater accumulation of
matter in such locations, and the process is self-
amplifying through a positive feedback. Therefore,
redistribution of mass takes place on the surface,
resulting in growth of stochastically positioned
protrusions, limited by field evaporation of atoms from
their apexes. From Figs 3a and 3b, it is obvious that a
minimal critical electric field on the nominally flat
surface is required to initiate the self-assembly process.

The surface in Fig. 3b can serve as a substrate for
the SiC layer growth in order to create the structure as
shown in Fig. 1. If used as a field emitter, then a stronger
electric field on the apexes of protrusions will enhance its

160 nm

500 nm

Fig. 3. Three-dimensional renderings of AFM images inherent
to the Si(001) surface after vacuum annealing at 1200 °C in
different conditions. All images are 15x15 pum in lateral size
and are drawn at the same vertical scale. a) Annealing with
1KV accelerating voltage and base pressure of 3x107° mbar;
b) 2.6 kV, 3x107*° mbar; c) 2.6 kV, 3x10® mbar. The inset in
(c) shows a cross-section of a typical nanoprotrusion drawn
with identical scales on the lateral and vertical axes.

emission properties. However, a clear technological
disadvantage is the ultra-high vacuum requirement,
making the manufacturing of such emitters more time
consuming and expensive. In a stainless steel vacuum
chamber, residual gas pressures in the ultra-high vacuum
range can only be achieved after the so-called “baking”,
which is essentially heating the entire chamber at several
hundred degrees for dozens of hours. This is the most
time-consuming step in the process of pumping down to
10 mbar range, which is absolutely necessary for
obtaining an atomically clean silicon surface. However, it
is extremely desirable to eliminate it, if a manufacturing
process for practical applications is being developed. In
this case, no “baking” is performed and the base pressure
is in the 10°® mbar range, the excess residual gases being
rich of carbon.

Fig. 3c shows the AFM image of the Si(001)
surface annealed in the same manner as in Fig. 3b
(1200 °C, 2.6 kV) but in the “non-baked” conditions
of the vacuum chamber with the base pressure of
3x10°® mbar. As one can see, this procedure yields even
better surface morphology with denser packing of
sharper nanoprotrusions than for 3x107*° mbar. Being
based on conclusions of [6, 7], it is reasonable to assume
that there is a SiC layer on top of silicon at the sample
shown in Fig. 3c. So, to our luck, a less clean and thus
substantially simplified vacuum procedure brings even
further simplification of the technological process by
eliminating a separate SiC growth step. It produces nano-

Goriachko A.M., Strikha M.V. Nanostructured SiC as a promising material for the cold electron emitters

357



SPQEO, 2021. V. 24, No 4. P. 355-361.

protrusions up to ~100 nm in height above the flat
background with an areal density of ~1.5x10™ m™. Figs
3a and 3c are 3D renderings of the surface morphology
with plotting along vertical and lateral axes not to scale.
In this way, the surface features and their differences are
emphasized for reader’s convenience. In order to convey
a true shape of protrusions, an inset in Fig. 3c shows a
cross-section of a typical nanoprotrusion with plotting
along lateral and vertical axes performed to scale.
However, even in this case, the depicted shape is not
exact, due to the convolution of the shapes of the AFM
probe and the surface features within the AFM image.
The real nanoprotrusions are certainly “sharper”,
meaning they are characterized by some higher aspect
ratio than those seen in the inset of Fig. 3c. Because of
the same circumstance, we could not exactly measure the
radius of curvature at the apexes of these features, as the
attempts to obtain smaller scale AFM images were only
producing a more pronounced convolution of the surface
features with the scanning probe shape.

3. Theoretical model

Further, we’ll examine in simple approximations the
emitting properties of such a structure with SiC nano-
protrusions of the approximately 100-nm height on the
SiC-covered silicon substrate. Unfortunately, until now
there is no complete physical theory of electrons FE from
semiconductor, taking into account all peculiarities of
phenomenon. It is clear that emission from surface can be
strongly influenced by the conditions on this surface and
the type of space charge region (SCR), which can be
created both by surface centers and by electric field,
which can penetrate into semiconductor. Later, we shall
use the realistic assumption, presented in Fig. 4: an
accumulation layer with excess free electrons is formed
after external field, caused by positive anode potential, is
applied.

n-SiC

n*-Si

N

NN
Fig. 4. Accumulation layer near the n*-Si/n-SiC surface with a
barrier for electron tunneling in the presence of external electric
field. The barrier shape neglects the image force.

The conduction band edge is shifted downwards
from its bulk position E. because of surface potential
energy:

M)

Note that a potential barrier on vacuum side with a
height equal to electron affinity y exists for electron near
the conduction band bottom at the surface. FE current
density from the surface is proportional to product of
electron charge q; electron velocity along the direction z
across the surface; the probability for electron with the
energy E to tunnel through the barrier, presented in
Fig. 4, T(E); and the Fermi—Dirac distribution function
f(E,Eg), integrated over wave vectors in the plane of

the surface xy (see, e.g. [1]):

T(kz){zj% f(E,EF):I .

E=E§:EC—|(ps|.

J=
a 2 m,
0

)

Note that a factor in square brackets in (2) gives, in
fact, a total number of surface electronic states in the
energy range [E, Ef]. Later, we shall use simple parabolic
approximation with isotropic electron effective mass:

E=ES +%(I22 +k22) .

e

@)

In this approximation, integration of the factor in
square brackets in (2) yields:

_ q [ dk, 7k, s WK
1=1] 7 Tl Noo) Ep B2 -2 . (4)
0
Eqg. (4) includes the 2D density of states
_m
Nap = nTQZ : ®)
After introduction of the new energy variable
h?k?
E'=Eg+—L, 6
o (6)

c

for the case of strongly degenerated -carriers in
accumulation region near the SiC surface (as it is
presented in Fig. 4), we get

me
h?

Er
J :% jT(E')(EF —E')dE" . @)
ES

Taking standard Fowler—Nordheim form for T(E) in
the case of tunneling through the triangular barrier,
presented in Fig. 4, we finally get:

_q m s 442m o*'?
3= Me (£ _Esfexp| - | 8
2h nhz( F C)z Xp{ 3 F ®
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Here, F is the external electric field between emitter
and anode, m — free electron mass (electron tunneling
occurs into the vacuum). Note that for the case of
accumulation layer presented in Fig. 4 the energy dif-
ference in pre-factor of (8) can be expressed through F.

On the one hand, the surface charge density o can
be expressed through Gauss theorem:

©)

Here, & is the vacuum permittivity in Sl units, Fs —
electric field near the surface in semiconductor with the
permittivity & (9.7 for SiC), which in the simplest
approximation can be written as

F, = Feg .

c=¢gqF;.

(10)

On the other hand, for the case presented in Fig. 2
o can be written directly as a factor of g, 2D density of

states (5), and the energy interval (EF -ES):

c:q%(EF—EE). (11)

With allowance for Egs (9)-(11), Eqg. (8) can be
finally rewritten as:

2 [om 2312
J:L 8_0 erxp _ﬂx_ . (]_2)
4gm, | & 3nqg F
This expression presents formally the same

dependence of the FE current density on the electric field
F, as a well known expression for metals [1]:

J = AF%exp {—E} : (13)
F

Note, however, that Fowler—Nordheim formula (13)
is universal for all metals. On the contrary, for
semiconductors (12) describes a special case of
accumulation layer near n-doped material surface (see
Fig. 2). An expression for, e.g., the case with high
electron charge accumulated in surface traps would be
different. Semiconductors, unlikely to metals, can
demonstrate a variety of situations that can not be
described by one unified formula.

Eqg. (10) was obtained for a flat SiC surface. Now,
we’ll  approximate  the  protrusions,  observed
experimentally, with nanocones, characterized by the
average height h, diameter of the basement R, and
diameter of the apex r, similar to the case of carbon
nanostructures [9].

Later, we’ll consider a case of comparatively low
concentration of nanoprotrusions, non-overlapping
between each other, namely N = 1.5x10" m?,

2R<1JN .

Advanced examination from the surface, presented
in Fig. 5, needs a numerical solution of a complicated
self-consistent problem for electric field, surface
potential and surface charge density in semiconductor.

(14)

Fig. 5. A sketch of morphology of the SiC/Si(001) emitter
surface with nanoprotrusions. R is the average radius of the
nanoprotrusion basement, r is the average radius of their apex
curvature, h is the average height of the nanoprotrusions.

However, in zero-order approximation the emission
current would be determined by the two addends: the
current from the flat “bottom” and the current from the
apex (in geometry, presented in Fig.5, almost all
emission from the nanoprotrusion occurs through its
apex, because the electric field F component, normal to
its side surface, is lower (see, e.g. [10]).

2

J erxp{—
2

€0 22

— F“ex

2wy

The enhancement factor B can be roughly estimated
for the system presented in Fig. 5 (see [10]), as:

3/2
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3nq PF

h

s

+
4qme

(16)

From Fig. 3c, h can be taken as ~ 80 nm, R ~
100 nm, while r could not be extracted from our
measurements. In principle, the self-assembly driven by
electric field as in Fig. 3c can produce even atomically
sharp tips. However, these can obviously be extremely
unstable both while manufacturing and operation, so we
take a somewhat conservative estimate for r starting from
1 nm. Fig. 6 gives the current from the Si/SiC emitter
(L = 1 m), calculated as a function of electric field F, for
three different values of r (1, 3 and 5 nm). This gives f
values of 80, 26.6 and 16. As exemplified by the 4H-SiC
polytype, its electron affinity can vary substantially
depending on the chemical termination of the surface
[11]. Since there is no precise control of the surface
termination in our experimental conditions, we adopt a
blind estimate of 3 eV for the electron affinity x. Also, as

. . . /3
reviewed in [12], we utilize m, = (mzm”)1 , m=0.42mo,
m,; =0.29m, for the value of the electron effective mass.

In the best case (the smallest tip radius), one can
observe a turn-on electric field of ~4.5x10" V/m, at
which the emission current of ~ 1 mA can be harvested
from one square centimeter of the cathode surface.
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Fig. 6. Field emission current density from the Si/SiC emitter,
calculated from (15) as a function of electric field F
for different values of B=80 (r=1nm), 26.6 (r=3nm),
16 (r =5 nm).

It is worth noting that the values of 3 can reach as high as
several thousands, as reported in [10]. If our self-
assembly process can be tuned to produce the needles of
corresponding morphology Yyielding such high field
enhancement factors, then even lower turn-on fields can
be expected. The turn-on electric field for the system
under examination is essentially lower than for, e.g., the
electron emission Si-based resonant-tunneling diode,
examined in [13] (~2x10°V/m), and the relevant
emission current is higher. Our results for electric field
and emission current are comparable to those reviewed in
[1] for GaN-based cathodes or reported for zinc oxide
based cathodes [14].

4. Conclusions

In conclusion, we outline that the technological
procedure of growing SiC tips on the Si substrate
described in this work is substantially simpler and
produces better surface morphology than the catalyst-
tuned pyrolysis of polycarbosilane reported by Guo et al.
[15]. It is also worth noting that our observations stand in
line with the results of atomistic modeling of the process
of electric field stimulated growth of nanotips on
tungsten surfaces [16]. Possible practical applications of
the Si-based self-assembled SiC nanotip emitters may
take place in various novel active vacuum electron
devices including those for THz frequency range and
those aimed to be integrated into existing microelectronic
technology, photon-gated electron emitters for generation
of ultra-short electron bunches, flat panel displays, etc.

We have demonstrated the Si/SiC material system
as a promising choice for field emission cathodes. Its
main advantage is an extremely simple and cost-effective
manufacturing process based on the standard
microelectronics-grade silicon wafers. It integrates within
a simple step both the SiC growth and the surface
nanostructuring in the form of nanosized needles, which
is obviously beneficial for cathode applications. A simple
theoretical model, with three-dimensional geometry
being neglected, predicts FE current densities and turn-on
electric fields comparable to those of electron emitters
based on other wide band gap semiconductors. Thus,
practical device applications should be allowed.

This work was supported by the National Taras
Shevchenko University of Kyiv and the Ministry

of Education and Science of Ukraine (Grant
Ne 21BI1052-02).
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HanocrpykrypoBanmii SiC sik nepcneKTUBHHIA MaTepiaa 1Jis1 X0JI0AHO]I eMicil eJ1eKTPOHiB
AM. I'opsiuko, M.B. Ctpixa

AHortanig. Y unii po0OOTi 3ampoONOHOBAHO HOBI XOJIOAHI IOJILOBI EJIEKTPOHHI eMiTepd Ha OCHOBI
HaHOCTPYKTypoBaHuX mapi SiC Ha migkmagmi Si(001). IXHEOIO TONOBHOI MEPEBATo0 € HAA3BUYANHO MPOCTHI i
HU3bKOBUTPATHUH IPOIEC BUIOTOBJICHHS Ha CTAaHJAPTHUX KPEMHIEBUX IUIACTHHAX, L0 BHKOPUCTOBYIOTHCS Y
MIKpOeJeKTpoHili. BiH moenHye B ofHOMY mpocToMy Kpoui sik BupouryBanHsi SiC, Tak i HAHOCTPYKTYpyBaHHS
MOBEPXHI y (hOpMi HAHOPO3MIPHHX TOJIOK, SIKi € Ha[3BUYAHO BUTIIHUMH 3 MMOTJISITY 3aCTOCYBaHHS y Kartomax. [Ipu
bOMY HE MOTPiOHO Hi HAJBHCOKOTO BAaKyyMy, Hi CKJIaIHOTO HPOLECY XIMIYHOTO OCaJKyBaHHS 3 BUKOPHCTAHHIM
TOKCHYHHX XIMiYHHX pedoBHH. [IpocTa mMaremMaTndHa MoJeNb Iependadae TyCTHHH CTPYMIB eMIcCii Ta MOpOroBi
3HaYEHHs EJICKTPUYHUX IOJiB, SKi NO3BOJAIOTH NMPAKTHYHE 3aCTOCYBAHHS TAKUX NPUCTPOIB. 3riJHO 3 HALIMMH
OIIHKAMH, JUIsl IIOPOTOBOr0 MO MOpsAKy 4.5x107 B/M MOXyTs GyTH OTpHMaHi eMiciiiHi cTpymMu 3 mOBepXHi
KaTo/la MOPAJKY MiliamIiepiB Ha KBaJgpaTHUH caHTHMeTp. TakuM 4MHOM, HaHOCTpyKTypoBanuii SiC Moxe OyTH
MEpPCIIEKTHBHUM MaTepiaioM JJIsl XOJIOJHHUX EIEKTPOHHUX eMITepiB.

KurouoBi ciioBa: X0J10/1HI €JIEKTPOHHI eMiTepH, HAHOCTPYKTypoBaHi mapu SiC, TycTHHA CTPyMY.
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