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Abstract. A promising application of field-emission phenomena is microwave high-frequency
oscillation generation. In this presentation, new effects at the field emission, as a perspective
mechanism of high-frequency oscillation generation, has been investigated and analyzed. The
mechanisms are connected with the generation of oscillations in field emission structures (i)
based on the silicon or GaAs tips with ultrathin diamond-like carbon (DLC) films, (ii) III-V
semiconductors (GaAs, GaN) and (iii) SiGe materials.
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1. Introduction

Electron field emission from different materials and struc-
tures is intensively investigated due to possibility to use
this phenomenon in vacuum microelectronic devices and
flat panel field emission displays [1-4]. It is necessary to
obtain field-emission cathodes or tip arrays with improved
parameters, namely enhanced field-emission efficiency
(higher emission current density at lower applied volt-
age), stability and uniformity of field emission (FE).

Asarule, FE current-voltage characteristics correspond
to the Fowler-Nordheim law (straight line in Ig [I/V?] vs.
1/V coordinates). But for investigations of electron FE
from some types of materials and structures, the peculi-
arities such as oscillations, region with negative differ-
ential conductivity, etc. are observed [5-11]. The exist-
ence of a region with negative differential conductivity
points to the possibilities of using such emitters for oscil-
lation generation. Due to the transport of carriers in
vacuum, the frequency of oscillations can be very high
(THz).

In this paper we performed the theoretical analysis of
electron transport in FE structures, which have I-V char-
acteristics with a negative differential-conductivity re-
gion. Some types of cathodes, on the basis of silicon, gal-

lium arsenide and Si/SiGe, were prepared to realize FE
[-V characteristics with negative differential conductiv-
ity and ultra-high frequency generation.

2. Experiment

The measurements of the emission current from samples
were performed in a vacuum system which could be
pumped to the stable pressure of 10-°-10-"Torr. The emis-
sion current was measured in the ungated cathode-anode
diode structure.

The emitter-anode spacing L was constant in the range
of 7.5-20 mm. We fabricated a test- diode construction
by sandwiching the anode and cathode plates. Silicon or
gallium arsenide wafers were used as the cathode and a
molybdenum wire or silicon wafer was used as an anode.
A 7.5-20 mm-high fluoroplast film spacer was used to
keep the two plates separated from each other. The emis-
sion current-voltage characteristics were obtained for a
current sensitivity of 5 nA over a voltage range up to
1500 V. A 0.56 MW resistor was placed in series with the
cathode to provide short-circuit protection.

The silicon tip array (8x8cm?) was completely formed
and the 1 cm? squares were cut from the wafer and mounted
into the vacuum station. The control silicon emitter tip
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array (without coating) was dipped in a 5% HF solution
for 20 s to remove the native oxide layer immediately
before mounting in the HV system. The investigated cath-
ode area for one measurement was 5.5x10~3 cm? and it
contained 1.4x107 tips.

3. Results and discussion

3.1. Emission from silicon and emitter coated
with ultrathin DLC films

The total field emission (FE) current from uncoated and
coated DLC film Si cathodes was calculated as a sum of
resonant J, and nonresonant J,,, FE current components [9]

Ty = 47ig Mk TIH3 J D, ,,, XIn[1 +exp((&/— e)/k T)]xde

r.nr

where M and m” — the number of equivalent valleys and
the longital electron mass in the Si conductive band;
D, (g,g.,F.,0), D, (&F,.,0)—the coefficient of electron reso-
nant and nonresonant transmission through the poten-
tial barrier of a cathode; &y, £, and € the emitter Fermi
energy, the resonant level and tunneling electron energy;
¢— Si-DLC film barrier; F, — electric field in DLC coat-
ing. The other designations are generally accepted.

Research of the FE was performed for 5x10' cm emit-
ter doping level, d = 1+30 nm is the thickness of undoped
DLC film, ¢ = 0.5+3 eV and F = 5x10%+6x107 V/cm
electrical field in the vacuum range. It was assumed se-
quential tunneling of electrons through both barriers
(DLC film and vacuum, see Fig. 1) in the absence of elec-
trons scattering and charge accumulation in the poten-
tial well between barriers. Solid and dash current-field
plots on Fig. 2 refer to calculated FE total current and its
nonresonant component dependences on the field. Analy-
sis of them have shown that the more d and the less ¢, the
more sharply the FE current density and its dependence
from electric field increase at the two-barrier tunneling,
the threshold field of one-barrier tunneling and a cur-
rent-field dependence at this mode decrease. Permeabil-
ity of the cathode potential profile at two-barrier
tunneling is determined by the degree of a triangular
potential well bottom fall. And the thicker DLC film and
the smaller the barrier ¢, the lower the well bottom falls
at the given field value. Therefore at rather large d (8 nm)
and small ¢ (0.5 eV) the FE current increases as much as
108 times at fields increasing from 107 to 2x107 V/cm and
it is almost saturated at the threshold field of the one-
barrier tunneling mode. The saturation current density
is identical at different d and increases for a ¢ reduction.
Increasing d more than optimum (near 10 nm) leads to a
lowering of the FE minimum electric field but not of the
field corresponding to the maximum FE current. With a

Fig. 1. Energy band diagrams of Si-DLC film cathodes: / — without applied field; 2-6 — with applied field.
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Fig. 2. FE current-field plots for uncoated (/) and coated (2-8)
cathode with thickness of DLC coating d = 1; 3.5; 5; 8; 10; 20; 30
nm correspondingly and ¢ = 1.3 eV.

reduction of d and an increase of f the current-field de-
pendence of the cathode with DLC coating comes nearer
to the current-field dependence of the common cathode.

Taking into account electron wave interference in the
triangular quantum well between the potential barriers,
the processes of resonant FE for the cathode with DLC
coating were investigated. It was supposed, that the elec-
tron impulse relaxation time constant in the DLC film is
about that in the bulk i-GaAs at 300 K (3x10 13 sec). The
resonant FE processes in the cathode with DLC coating
cause resonant current maxima, whose width decreases
with film thickness increasing. The maxima shift towards
the higher electric field with a reduction of d and an in-
creasing of ¢ and vanish at an electric field higher than
the threshold field of one-barrier tunneling. The greatest
values the total current overall in resonant maximum and
the following minimum (in 40 times) and the resonant to
nonresonant current ratio (103) take place for an opti-
mumd =5nmat ¢=1.3eV. At arather small film thick-
ness (the smaller ¢, the more is d reduced) resonant
tunneling is absent because the resonant levels in a quan-
tum well are absent at rather large electric field.

The results of experimental investigations of electric
field emission from DLC film coated Si tip arrays are
presented in Fig. 3 (a, b). As can be seen, a resonant peak
in emission current is observed. The resonant enhance-
ment of current density is by a factor 2 for tips and 1.7 for
flat Si-DLC film cathodes. The of I-V characteristics in
Fig. 3 (a, b) also show the enhancement of the emission
current with increasing thickness of the DLC film. This is
due to the greater lowering of the output barrier for thicker
DLC films. We observed that, for samples with an identi-
cal phase structure of the DLC film, the field enhance-
ment parameter b increases with increasing thickness of
the DLC film. On the other hand, for thicker DLC films
on these tip cathodes, the threshold voltage and resonant
peak position shift to smaller voltages (see Fig. 3 (a) curves
1,2). The data on electron field emission from GaAs tips
coated by ultrathin (10nm) DLC film are shown in Fig. 4.
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Fig. 3. Experimental current density on voltage dependences
(A) and corresponding Fowler-Nordheim plots (B) for silicon
tips cathodes with DLC films: / — dpy ¢ = 8 nm; 2 — dppc = 30 nm.
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Fig. 4. Current-voltage characteristics of electron field emission
from GaAs tips: / — without DLC coating; 2,3 with DLC (d =
= 10 nm) coating (3 - repeated measurement, in insert — curve /
in other scale).

3.2. Peculiarities of FE from GaAs cathodes

A method for direct generation of a bunched electron beam
from a cathode by using GaAs Gunn emitters has been
proposed and experimentally verified [6,10,11]. This
method is based on the Gunn effect [12]. The frequency
of the bunched electron beam is approximately equal to
the reciprocal of the carrier transit time across the length
of the sample, which is the same as in the conventional
Gunn diodes, and the operation frequency covers micro-
wave and millimetre wave regions.

500, 6(1), 2003



H. Hartnagel: Electron emission modulation effects in ...

Lateral and vertical configurations of the field-emit-
ter structure have been considered. The pictures of the
GaAs lateral field emitter, and of the GaAs vertical field
emitter with an air bridge and a cantilever anodes, are
shown in Fig. 5. Lateral field-emission devices present
advantages of simple fabrication, precise control of elec-
tron distance, and lower capacitance. A direct and accu-
rate control of the electrode distance can be achieved via
photolithography [6]. Two different doping concentra-
tions have been used for the 2 um thick n-GaAs active
layer. The concentration of 1x10'% cm= and 1x10!8 cm ™3
have been chosen to allow a comparison of emission char-
acteristics. The first satisfies the condition for the forma-
tion of a travelling dipole in the emitter. For an emitter
length of 70 um, the expected frequency of the bunched
beam is about 1.3 GHz. Fig. 6 shows a current-voltage
characteristic for the emitter with the doping concentration

100 um

of 1x10'5 ¢cm3. Electron emission occurs at about 60 V.
This electron emission is considered to be a field emis-
sion from the slope of the straight line in the Fowler-
Nordheim plot. However, the emission current reaches a
maximum value at about 110 V and then becomes unsta-
ble. This current-voltage characteristic is quite similar to
that of a bulk GaAs diode with a Gunn oscillation, ex-
cept for the threshold voltage of around 60 V. In conven-
tional Gunn diodes, such a threshold voltage does not
appear. For the emitter with a doping concentration of
1x10'® cm™3, the emission current showed a monotonic
increase with increasing bias voltage. As expected for
the emitter with a heavy doping level, the Gunn oscilla-
tion does not occur. These results suggest that the emis-
sion above 110 V in the first emitter is the field emission
of accumulated electrons in the travelling dipole domains
formed in the emitter.

Fig. 5. Picture of the GaAs lateral field emitter and the GaAs vertical field emitter with an air bridge and cantilever anodes.
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Fig. 6. Current-voltage characteristic (¢) and the corresponding Fowler-Nordheim plot (b) of the lateral GaAs Gunn effect field

emitter.
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The vertical field emitters were formed on a n-GaAs
substrate with 1x10'8 cm~ doping concentration. The
emitter height of about 9 um could be reached. Gold air
bridge-emitter distances between Imm and 3mm was re-
alized. An emission current without oscillations was ob-
served between the gold air bridge and the emitter for a
bias voltage below 14 V. Further work on the develop-
ment of a vertical field emitter with 1x10'> cm~3 doping
concentration is done, in order to achieve the travelling
dipole domains.

3.3. Field emission from GaN films

The quantum dots were formed on the surfase of a GaN
layer. The GaN layers were grown by low-pressure
metalorganic chemical-vapor deposition (MO CVD) on
(0001) c-plane sapphire. The quantum-dot formation was
performed by photoelectrochemical (PEC) etching [13]
of GaN only under very specific process conditions that
produces a high etch selectivity at the dislocations. The
GaN layer with quantum dots shown in Fig. 7a was
etched for 6 min in a stirred 0.1 M KOH solution with a
photocurrent of 3 mA. The investigated structure pro-
duces a stable current density of J = 40 mA/cm? in the
high field region. The threshold voltage is 120 V for this
sample [14].

We suggest that the decreased effective work function
and hence the turn-on voltage is a result of two factors:
the tip radii with increased field enhancement factor and
the appearance of a quantum-size effect. The latter causes
the splitting of electron energy levels. The characteristic
oscillations of the emission current have been observed
with increasing bias voltage (Fig. 7b). This is attributed
to emission-charging effects occurring in tips with quan-
tum-dot size. The latter contain a small number of elec-
trons and are charged after an emission cycle. The oscil-
lations are obtained for the low field region where the
lowering of the work function due to the quantization of
electron states in the quantum dot is more pronounced.
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With the field growing further the barrier for field emis-
sion becomes practically transparent, and almost all the
electrons are tunneling through the barrier regardless of
their distribution pattern. The effect of quantum size be-
comes negligible.

3.4. Field emission from Si/SiGe quantum well
structures

The Si/SiGe structures are intensively investigation for
different applications [15,16]. The fabrication of high
speed electronic devices requires abrupt interfaces and
flat layers. However, strained Si;_,Ge, layers deposited
on Si generally present highly corrugated surfaces. This
feature of surface can be used for electric field enhance-
ment at electron field emission. Changing the Ge (x) con-
tent in Si;_4Ge, layers, we can rule the parameters of a
quantum well. In some cases, the multiplayer Si;_ Ge,
structures are produced to minimize the strain and ob-
tain desirable Si;_Ge, quantum well parameters In our
experiment the electron field emission from Si/SiGe struc-
tures with SiGe layer grown by molecular beam epitaxy
has been investigated. The current-voltage characteris-
tic of electron field emission in a Fowler-Nordheim plot
is shown in Fig. 8. Two region with negative differential
conductivity are observed. The appearance of peaks is
caused by a resonance tunneling effect in structures with
a quantum well. There are separate energy levels in SiGe
quantum wells between Si and vacuum. At definite elec-
tric fields the increase of emission electron current is ob-
served due to including additional mechanism of current
transport, i.e. resonance tunneling.

4. Conclusion

The peculiarities of electron field emission into vacuum
from different quantum size structures have been investi-
gated. Among the structures studied were silicon and
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Fig. 7. SEM micrograph of GaN surface (¢) and Fowler-Nordheim plot of electron field emission current from GaN layer (b).
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Fig. 8. Fowler-Nordheim plot of electron field emission current
from Si/SiGe structure with quantum well.

GaAs tips coated with an ultrathin DLC layer, GaAs
cathodes, GaN layers and Si/SiGe heterostructures. The
characteristic peculiarities of electron field emission from
these structures appeared of a region with negative defer-
ential conductivity on the current-voltage characteris-
tics of electron field emission. Such structures are prom-
ising for high frequency oscillation generation. The mod-
els of electron fields emission from structures with quan-
tum well based on resonance tunneling phenomena have
been proposed.
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