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Abstract. Efficient electron field emission from silicon flat cathode coated with SiO, film (x =
0.3-0.5) was observed both before and after thermal (1000 °C) annealing with subsequent
etching in HF solution. Oxide films were produced by silicon thermal evaporation in vacuum
(1073 Torr). Using optical spectroscopy in visible and infrared ranges, as well as AFM tech-
nique, structural features of these films were investigated. It was shown that initial SiO, film
may be represented as SiO, (Si) composite (x = 1.2). Thermal annealing causes further phase
segregation in film material, and it is transformed into SiO, (Si) composite. During such a
process, silicon grains size decreases and their density increases. The model of electron field
emission from the surface of such films was proposed. It was supposed that limitation process
of the current flow under high electric fields is connected with Fowler-Nordheim tunneling
through barriers Si-SiO,—vacuum or Si-vacuum. Current peaks in emission -V characteris-
tics were explained in the framework of resonance tunneling mechanism.

Investigated structures seems to be perspective for application as flat field cathodes in vacuum
electronic devices and in flat panel field emission displays.
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1. Introduction

To improve the emission characteristics, silicon cathodes
are performed in the form of tips, which are often covered
with different films [1, 2]. In recent years, new types of
coatings for silicon-based field emission cathodes have
been intensively developed. At the same time, searching
materials for flat emission cathode production is of es-
sential interest. The reason is more perspective techno-
logical way to fabricate both field cathodes and cathode
arrays. The principle moment for the flat emission cath-
ode operation is the presence of emission centres, in par-
ticular, nanotips on its surface. It was shown recently [3]
that high temperature treatment of SiO, films (x = 1.25)
produced by vacuum thermal evaporation of silicon mon-
oxide leads to substantial change of the film surface re-
lief because of formation of silicon nanoinclusions. Such
a nanorelief can, in principle, provide emission proper-
ties of the film, if the film has rather high conductivity
(i.e. in the case of low oxygen content). Hence, in the
present paper investigation was done to study electron
field emission from the surface of SiO,, films with rather
small oxygen content (x = 0.3-0.5). Both initial and high
temperature annealed films were under consideration.

2. Experimental technique

Si0O, layers were produced by thermal evaporation of
silicon powder in vacuum (2-3)x10~> Torr, the deposi-
tion rate was chosen to obtain x value about 0.3.
Substrates were both side polished Si wafers, what ena-
bled us to measure infrared transmission spectra. Some
layers were deposited onto glass wafers. During the depo-
sition process, the temperature of substrate was 150 °C.
Using quartz oscillator technique with accuracy 3 %, the
film thickness (d) and deposition rate were estimated. For
the samples under investigation, the latter was ~ 2 to 3 nm/s.
Measurements of the film thickness were taken by
microinterferometer MI1-4 and by a profilometer Dektak
3030. In the case of samples for optical measurements
the d value was 345 nm. In the field emission experiments,
oxides were substantially thinner —d = 100 nm. The sam-
ples were annealed in pure argon ambient under the tem-
perature of 1000 °C for 5-40 min. As it was shown earlier
[4], such an annealing leads to formation of silicon
nanoinclusions in oxide films.

Reflection (the angle of incidence ~ 8°) and transmis-
sion spectra within the visible light range (450-800 nm)
were measured using a spectrometer KSVU-23.
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The IR transmission spectra were measured in the
range of 800-1400 cm™! using automated spectrometer
IKS-25M. This range is well-known as containing the
main absorption band of SiO, with the maximum posi-
tion (v,,) varying within ~ 1000-1100 cm™! in depend-
ence of chemical and structural oxygen states. The refer-
ence sample was a silicon substrate without oxide film
deposited.

The surface profile of the oxide films was investigated
using a DI NanoScope I11a atomic force microscope. The
measurements were carried out in tipping mode using
CSG10 (NT-MDT) silicon probes with an Au reflective
coating. The nominal curvature of a appex tip was 10 nm.

The field emission current measurements were per-
formed in the mode of the diode configuration in the
vacuum system that was pumped out down to the stable
pressure 10-° Torr. The distance between the emitter and
anode was constant and equal to 7.5 um. The silicon
substrate with SiO, coating was used as a cathode (the
diameter of emitting area was about 0.1 cm). We used a
molybdenum plate as anode. The applied voltage was
changed within the range from 12 to 1600 V. In order to
avoid the breakdown, the resistor 0.56 MQ was included
into the used electric circuit. Prior to measurements, some
samples were treated for 1 to 5 min. in 1% HF solution
(that is known to etch silicon dioxide) or in mixture of
HF:HNOj3:H,O with the component ratio 1:2:10 (capa-
ble to etch silicon).

3. Experimental results and discussion

In Fig. 1 the absorption spectrum of investigated SiO,
film is shown for visible light range in comparison with
the results [5] obtained for silicon and SiO layers. It is
known that for such layers the absorption edge location
is determined by layer chemical content changing
monotonically in dependence of oxygen content from the
nearest infrared (for Si layer) up to ultraviolet (for SiO,).
It is seen that absorption edge for investigated films is
localized between spectra for Si and SiO, i.e. for the cases
0 <x <1.The x value can be estimated (as it was done in
[6]), using theoretically calculated and experimentally
measured [7] dependencies of photon energy Ey4 (Which
corresponds to absorption coefficient 10* cm™! for SiOy
layer) on x. For our samples it was obtained from the ex-
perimentally measured dependence of Eys(x) x = 0.3; com-
parison with calculated dependence of Egy(x) gives x =0.5.

In Fig. 2 IR transmission spectra for initial and an-
nealed SiO, films are presented. It is seen that after high
temperature treatment the main absorption band of the
oxide is shifted to high-frequency region (the minimum
positions of the transmission band for initial and annealed
films were 1032 and 1070 cm™, respectively). The area
and the shape of absorption band was also drastically
changed due to annealing. The first fact is usually con-
nected with phase change of the oxide film, which re-
sulted from partial (or full) SiO, decomposition onto sili-
con and silicon dioxide phases according to the scheme:
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Fig. 1. The spectral dependence of the absorption coefficient of
silicon (/), SiO layer (3) and investigated SiO, films (2).
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Fig. 2. Infrared transmission spectra for as-grown (/) and an-
nealed (2) SiO, films.

28i0, — xSi0, + (2 - x)Si.

This effect should lead to increase of effective mean-
ing of stoichiometry index that was determined by IR
measurements [8]. In the case of films produced by resis-
tive sputtering of SiO powder, the value of v;;~ 1032 cm™!
is characteristic for oxides with x = 1.2 [6, 8], and, for the
first sight, is in a contradiction with the data obtained
here from optical measurements in the visible light re-
gion. However, this contradiction can be explained tak-
ing into account that SiO,, films produced in the present
work were not homogeneous, but consisted of silicon clus-
ters and oxide phase, content of which was close to SiO.
It is known that optical properties of SiO, layers can be
rather well described by effective medium approxima-
tion on the base of optical characteristics of silicon and
SiO; for the whole range of x values (from 0 to 2) [7].
Absorption of such material in the visible light region is
determined by both Si-O and Si-Si chemical bonds that
are distributed in SiO,. Hence, absorption of visible light
determines average film stoichiometry taking into account
both silicon-oxygen and silicon phases. Contrary, IR ab-
sorption band in the range of 1000 < v,, < 1100 cm™! is
connected with transverse stretching vibrations of bridg-
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ing oxygen atoms in Si-O-Si “molecule”, i.e. IR absorp-
tion “senses” only silicon-oxygen phase and “ignores”
Si clusters.

The explanation proposed is also in agreement with
the fact of substantial increase of the absorption band
area due to sample annealing: this effect is connected
with arising of the bridging oxygen concentration. The
latter resulted from joining at elevated temperatures of sili-
con and oxygen dangling bonds that exist at large concen-
trations in initial sample. The meaning of v;;~ 1070 cm™!
and the shape of the spectral curve (in particular, exist-
ence of the high-frequency tail in absorption) are charac-
teristic for almost stoichiometric SiO, films [9, 10]. This
fact is an evidence that initial material in the result of
annealing was decomposed into silicon and silicon diox-
ide phases almost entirely.

The nanorelief of SiO, film surface and its transfor-
mation under subsequent treatments are shown in Figs 3
and 4. It can be seen that the initial sample surface is
characterized by high roughness connected mainly with
large grains high up to 20 nm. It is apparently caused by
the SiO, film deposition technology: the film was pro-
duced by means of deposition both silicon and SiO clus-
ters. In this respect, atomic force microscopy results are
correlated with above mentioned optical data that dem-
onstrate the composite nature of the as-grown SiO, layer
structure. As a result of the heat treatment, the relief char-
acter substantially changes. The film surface becomes
sufficiently uniform, and fine-grain film structure in this
case is characterized by the roughness value in the range
of 1 to 3 nm. As mentioned above, the heat treatment of
the sample causes decomposition of the initial material
onto Si0; and Si phases, the latter being in the form of
nanoinclusions [4]. This fact appears, in particular, in
the surface relief character of the annealed film. Subse-
quent sample treatment in HF solution did not affect geo-
metrical relief of film surface (Fig. 4).

In Fig. 5 presented are the results of the electron field
emission measurements (current-voltage characteristics)
from surface of SiO,, films investigated in vacuum. It is
seen that for initial sample the emission current (10—
10 A) was observed at high voltages (570-770 V). The
field emission from thermal treated samples was not ob-
served in the whole range of the applied voltages. In con-
trast, for thermal treated samples subjected to subsequent
etching in HF solution the emission increases in com-
parison with initial samples. In this case, the field emis-
sion appears already at the voltage ~ 375 V, and the
maximum current amounts to the value of ~ 10> A. For
annealed films that were etched in HF:HNO3:H,O solu-
tion the emission was absent. We would note that for ini-
tial samples a sudden change of the emission current at
the threshold voltage region was observed.

Some parameters of emission cathodes were deter-
mined from I-V characteristics. These are the field en-
hancement factor (§*) and effective emission area (o) (see
Table 1). For comparison, in Table 1 the same param-
eters for silicon tip emitters are presented [2]. It can be
seen that ¢ for flat SiO, cathodes exceeds one for silicon
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Fig. 3. Three-dimensional atomic-force microscopy images for
as-grown SiO, film (a) and SiO, film after annealing and etching
in HF solution (b).

1.0

2
0.8
S
- 06 ]
<
= i |
: P
= 0.4 | b
= j; 1
0.2 Hore
3
0.
-15 -10 -5 0 5 10 15 20
Height, nm

Fig. 4. The height distribution histogram of the SiO, films: / — as-
grown film; 2 — annealed film; 3 — film after annealing and subse-
quent etching in HF solution.

tip cathodes, and that thermal annealing SiO, films leads
to further increase in . The B* factor for flat cathodes, of
course, is less than that for tip cathodes.

In field emission I-V characteristics for annealed SiO,,
films that were etched in HF solution, non-monotonous
regions clearly appear within the range of voltages from
430 to 540 V. They reveal themselves in the form of the
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Table 1. Parameters of field emission cathodes.

Type of the cathode Field enhancement factor, 8*, cm™! Efficiency field emission area, o, cm?
Flat Si-SiO, (unannealed) 62 1.4x10°13
Flat Si-SiO, (after annealing 60 1x10712
and etching in HF solution)
Si tip cathode 480 1.5x10°14
- field. Their presence in the oxide bulk, due to the same
15105 0] % 2 effect, also leads to relieved current flow through the film.
* - ;f If we assume that the silicon inclusions in initial oxide
Che 1 are covered by thin SiO, layer, then under strong electric
1064 107 field electron carrying from Si substrate to oxide film
outer surface occurs through silicon grains with tunneling
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Fig. 5. I-V characteristics for electron field emission from SiO,
films: / — as-grown film; 2 — annealed and etched in HF solution
film. The same in the Fowler-Nordheim coordinates (insert).

emission current peaks. For as-grown films, the field
emission current peak is observed at the voltage 650 V.
We observed some-like non-monotonous I-V character-
istics earlier, from Si tips covered by multi-layer SiO,-Si-
Si0, film with the layer thickness d =2 nm [11] as well as
for silicon tips produced by laser surface modification
[12]. The existence of regions with negative differential
conductivity (peaks) on I-V characteristics is usually ex-
plained by quantum-size effects in such structures. It can
be demonstrated as the appearance under certain elec-
tric fields of additional resonance tunneling electron
mechanism. Non-monotonous regions in I-V field emis-
sion characteristics such as oscillations and peaks of the
emission current also observed by other authors for dif-
ferent structures and materials [13-16].

The observed effect of the electron field emission from
SiO, film surface can be explained taking into account
(i) phase composition of the initial and annealed oxide
films, (ii) amplification of electric field on the surface
silicon grains, and (iii) current-transport mechanisms
during field emission.

As it was noted above on the base of the results of
optical measurements, phase segregation onto Si and SiO,
(x = 1.2) is already observed in initial oxide film. Obvi-
ously, at least a part of relief peaks on the film surface
observed by means of AFM is connected with silicon in-
clusions. These Si grains simulate the electron field emis-
sion appearance due to local increasing of the electric
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through SiO, layers. To leave the film, electrons over-
come combined Si-SiO,—vacuum barrier on external sur-
face. This barrier is caused by the oxide layer covering
the surface of silicon grains (Fig. 6a). Just the break-
down of this layer determines the initial sudden change
of the field emission current. Further electron emission
passes through Si—vacuum barrier.

The current peak observed in -V characteristics at
voltage 650 V can be explained by appearance of the
electron resonance tunneling mechanism. In conduction
band of surface Si grains the local energy levels may arise
due to the quantum-dimensional effect that provide reali-
zation of the resonant tunneling mechanism under cer-
tain electric field. After thermal annealing further Si and
Si0, phase segregation in SiOy films has been observed.
Energy zone diagram for annealed structure (Fig. 6b) is
similar to initial one. However, in this case, values of the
energy barriers on Si-SiO; interface are sufficiently higher
than those at Si-SiO, interface. As can be seen in Fig. 3,
the sizes of Si inclusions for annealed film are less, and
their density is larger. Considerable barrier height on Si-
Si0, interface (3.2 e¢V) is a reason for the absence of field
emission at applied electric fields for annealed SiO,. films,
since external SiO,—vacuum barrier has small probabil-
ity of electron tunneling. During etching in HF solution,
the external SiO, layer was removed from Si inclusion
surface. In this case, to be emitted, the electron should
tunnel only through the vacuum barrier (Fig. 6c¢). Be-
sides, due to thermal annealing the oxide film is densified,
i.e. its thickness is decreased, as it was mentioned above.
This circumstance also makes electron tunneling process
more probable. The average sizes of the surface silicon
inclusions in annealed SiO, film have value of the order
of 1-3 nm (Fig. 3), which is commensurable with the de
Broglie wavelength for electrons in silicon. It is possible
to expect that in this case the appearance of the peaks in
I-V emission characteristics is caused by resonance
tunneling mechanism, too.

The mentioned above decrease of the threshold volt-
age for field emission at ~ 80 V for annealed and subse-
quently etched SiO, films comparing with the initial ones
can be connected with appearance of two factors: (i) in-
crease of the emission centres (silicon grains) concentra-
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Fig. 6. Schematic energy diagram for field emission mechanism Si-SiO, structures: initial (a); after annealing (b); after annealing and

processing in HF solution (¢). / — resonant tunneling process, 2 — Fowler-Nordheim tunneling process in vacuum.

tion, which leads to decreasing the distance between them;
(i1) decrease of their sizes that causes increasing the local
electric field in the field emission centre region.

The annealed films processing in the etchant for sili-
con removes the surface silicon inclusions, smoothes the
film relief and, in such manner, makes the electron field
emission from such films impossible.

4. Conclusion

Efficient electron field emission from the silicon flat cath-
ode coated with SiO, film (x = 0.3 —0.5) was observed both
before and after thermal (1000 °C) annealing with subse-
quent etching in HF solution. Oxide films were produced by
silicon thermal evaporation in vacuum (10~ Torr.). Using
optical spectroscopy in visible and infrared ranges, as
well as AFM technique, the structural features of these
films were investigated. It was shown that initial SiO,
film can be represented as SiO, (Si) composite (x = 1.2).
Thermal annealing causes further phase segregation in
film material, and it is transformed into SiO,(Si) compos-
ite. During such a process, silicon grains size decreases,
and their density increases. The model of electron field
emission from the surface of such films was proposed. It
was supposed that the limitation process of the current
flow under high electric fields is connected with Fowler-
Nordheim tunneling through barriers Si-SiOx—vacuum
or Si—vacuum. Current peaks in emission I-V character-
istics were explained in the framework of resonance
tunneling mechanism.

Investigated structures seems to be perspective for
application as flat field cathodes in vacuum electronic
devices and in flatpanel field emission displays.
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