lon production from LiF-coated field emitter tips
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fon emission has been obtained from a LiF-coated tungsten field-emitter tip. Ion formation is
thought to be caused by the high electric field experienced by the LiF. At the time of emission
the electric field at the surface of the LiF is calculated to be on the order of 100 MV/cm. Inside
the LiF the fiekl is on the order of 10 MV /cm. These ficlds exceed the value needed to produce
bulk dielectric breakdown in LiF. The surface field is of sufficient magnitude to produce ion
emission by field evaporation from the crystal surface. BEven prior to diclectric breakdown,
precursor processes can lead fo ion formation. Electric-field-stress fragmentation of the LiF
layer is thought to occur, followed by ionization of the fragments.

i. INTRODUCTION

The mechanism of ion production from electric-field-
stressed LiF-coated porous stainless steel surfaces is of inter-
est since such 1on scurces are used routinely at Sandia Na-
tional Laboratories on the Particle Beam Fusion
Accelerator II{PBFA II) and on the PI 110 accelerator to
produce intense, pulsed lithium ion beams."? In these accel-
erators, the anode is bombarded by electrons with energies of
millions of electron volts during the ion-formation time. It is
commonly assumed that these electrons are necessary for the
production of ions, although their precise role has never been
established for LiF. Results from the PE 110 accelerator have
indicated that the electron energy deposition is not sufficient
to melt or vaporize the LiF. Instead, ion formation seems to
be associated with the geometry-refated electric-field en-
hancement of the porous substrate.” Alkali ion emission
from LiCl, NaCl, and KCl in the presence of electric fields of
about 2 MV/cm at temperatures in excess of 200 °C have
been reported previously.*” Here, we report on an experi-
ment to measure ion production from room-temperature
LiF as a function of electric-ficld strength at the anode in an
environment where the electron flux to the anode is negligi-
ble. We then consider several field-related mechanisms that
may explain ion formation.

. EXPERIMENT

The anode was prepared by coating tungsten field-emit-
ter tips with LiF, as shown schematically in Fig. 1. The radii
of the tungsten tips were on the order of 50-100 nm. LiF was
vapor deposited onto the tips. The thickness of the LiF coat-
ing ranged from 9 to 150 nm. Ion emission was obtained by
applying a dc voltage to the anode surface. The voltage in-
creased at a rate of 100 V/s. A negative extracting electrode
was located about 0.5 nm from the tip. Ion current was ob-
served on a channel electron multiplier array (CEMA ) de-
tector and recorded in real time on a video system.

QOur primary objective was to determine the electric field
at the surface of the LiF when ion current commenced.
Knowledge of the tip geometry and its field-ion imaging
properties allowed us to establish a relationship between the
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applied voltage and the electric field at the emitter tip. The
average electric field at the tip is related to the voltage by
E = V/xr, where r is the tip radius and « is a geometry-
dependent factor that indicates the departure from spherical
symmetry. The factor « can be determined by imaging the tip
in a helium atmosphere. It is known that an average electric-
field strength of 4.5 MV/cm is required to field ionize He
and to obtain a field-ion image. Knowing the tip radius and
the applied voltage, the geometric factor « for the bare tip is
obtained. Here, we have assumed that the coated tip has the
same value of « as the uncoated tip. The tip radius and the
LiF layer thickness were obtained by examining transmis-
sion electron micrographs of the coated needles, one of
which is shown in Fig. 2. Because of surface roughness, the
electric field at any given point on the surface of the LiF will
be greater than the average electric field calculated in this
maner.

In these experiments, as the voltage was increased ion
emission began sporadically and faintly, then became spa-
tially uniform. The voltage we have chosen as characteristic
of ion emission is that associated with spatially uniform
emission from the tips. The emission remained uniform fora
period of time on the order of second, after which it rapidly
diminished and recommenced, in a burstlike manner. In Ta-
ble [ we list geometric parameters for three of the tips used in

FIG. 1. Schematic representation of the LiF-coated tungsten field-emitter
tip.
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100nm.

FIG. 2. Transmission electron micrograph of a LiF-coated tungsten field-
emitter tip, before and after application of the field. Note the roughness of
the surface of the LiF. After application of the field, the LiF is removed
from the surface.

the experiments, and the voltage at which uniform emission
occurred for each of these tips. Also tabulated are the calcu-
lated values of the electric field at the surface of the LiF and
inside the LiF at the tungsten interface. The electric field at
the position 7 outside the LiF is given by

Ey = [er,/(er, +d) 1V /xr, (H

where € is the value of the dielectric constant (e =9 for
LiF), Vis the applied voltage r, is the radius of the tungsten
tip, and d is the thickness of the LiF layer. Inside the LiF, the
electric field is given by Eq. (1) divided by €. As seen in
Tabie I, the field at the surface of the LiF, £, is on the order
of 50-100 MV /cm, neglecting surface roughness of the LiF
coating. The field in the LiF at the tungsten boundary, £,, is
on the order of 10 MV /cm.

We note that the electric field at the negative extracting
electrode is related to the field at the tip roughly by a factor
of r,2/¥, where r is the “radius” of the electrode. Using
7o~ 100 nm and r=~ 1 mm, for £ = 100 MV/cm the ficld at
the negative electrode is on the order of volts per centimeter,
which: is far below the threshold for field emission of elec-

TABLE L. Values of the tungsten tip radius, r,, LiF iayer thickness, d, geo-
metric factor, i, and the voltage ¥ at which uniform ion emission occurred
for three of the tips used in the experiments. Also shown are the calculated
values of the electric field at the LiF surface, K, and the electric field in the
LiF at the tungsten tip radius, £,.

Tipuo. ry{nm) d(nm) K V(kVy E (MV/cm)E,(MV/cm)
5 26 9 6.2 2.2 94 i4
: 92 70 2.4 3.8 89 17
1 35 16 9.5 2.5 49 8
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trons. Thus, high-energy cathode electrons can be neglected
in this experiment.

Hi. THEORY

The mechanism for ion production is clearly related to
the electric field. Here, we will consider three possible fieid-
dependent mechanisms for producing ions: Direct field
evaporation of the Li™ from the LiF surface (Sec. III A),
dielectric breakdown in the bulk of the LiF (Sec. IfI B), and
electric-stress-induced fragmentation of the LiF, (Sec.
I C).

A. Fleld svaporation

Field evaporation is the thermally activated escape of an
ion over the lattice potential energy barrier. The rate of es-
cape R is given by R = ve ~9/*7, where v is a temperature-
dependent attempt frequency, £ is a field-dependent activa-
tion energy, k£ is Bolizmann’s constant and 7 is the
temperature.® For our purposes, we will assume that the
condition for field evaporation is that @ = 0, i.e., when the
probability for escape is unity. For an ionic crystal in the
presence of an external electric field, @ can be approximated
as the sum of the cohesive energy per ion due to the Coulomb
interaction and the potential energy term associated with the
electric field:

=~{A./4re a) — E ex, (2)

where A4, is the surface Madelung constant, e is the electron
charge, E. is the surface electric field, €, is the permittivity of
free space, and a is the distance between nearest neighbors in
the LiF crystal lattice {assumed to be the same before and
after application of the electric field ), and E exis the electro-
static potential energy of the Li ion at position x, where x is
measured with respect to the position nearest the F~ ion. We
have neglected polarization effects and the repulsive core-
core potential energy. For LiF ¢ = 0.2 nm and the bulk value
of the Madelung constant is 1.75.” For a particular site on the
surface, the Madelung potential is a fraction of the bulk val-
ue. A typical surface consists of large smooth regions, that
end in ledges, which themselves may end in kinks. In Fig. 3,
atoms are shown cceupying positions in the surface (1}, ina
ledge (2}, at a kink (3), and in a self-adsorbed site on the
surface (4).% The coordination number, i.e., number of near-
est neighbors, is different for each of these positions. The
ratic of the surface Madelung potential to the bulk value for
sites { 1)—(4), respectively, is 0.948,C.897, 0.5, and 0.038 for
an unrelaxed crystal.’ There are many surface sites with val-
ues between those for sites (3) and (4). It is thought that
evaporation proceeds in a step-wise manner, with atoms
moving from sites with higher coordination numbers to
those with lower coordination numbers. Under normal con-
ditions, the atom enters intc the vapor phase from the self-
adsorbed site.®

Setting @ =0 and x = a in Eq. (2), we find that only
about 24 MV /cm is needed to field evaporate an ion from a
self-adsorbed site on the surface, compared to about 300
MV /cm needed to remove an ion from a position at a kink on
a ledge.'? Since atomic-scale roughness could easily increase
the field by a factor of 3, we suspect that our fields could
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FIG. 3. A typical surface consists of large smooth regions, known as ter-
races, ending in ledges, which themselves may end in kinks. Atoms are
shown occupying positions in the surface (1), ir a ledge (2}, at akink (3),
and in a self-adsorbed site on the surface (4).

produce ficld evaporation of ions located at kinks. Certainly,
we have sufficiently strong fields to field-evaporate ions from
the self-adsorbed sites and many other surface sites.

B. Dielectric breakdown

Dielectric breakdown refers to the destruction of the
lattice structure as a result of temperature increases caused
by current conduction in a dielectric.!' There are many theo-
ries to describe the events that lead to the occurrence of di-
electric breakdown, all of which require a sufficient popula-
tion of electrons in the conduction band of the dieleciric. The
theories differ in the mechanisms proposed for populating
the conduction band.

Dielectric breakdown can result from electron ava-
lanche when the electric field in the bulk is sufficiently high
that an energetic free electron (in the conduction band)
gains enough energy between collisions with valence elec-
trons to knock other valence electrons into the conduction
band. kn the case of LiF, where the fluorine occurs as a nega-
tive ion, an avalanche could proceed by the reaction
e + F~ - F 4 2e. After n generations the number of elec-
trons will be 2”. For the avalanche process to proceed to
breakdown, many electron mean-free paths are reguired.
Experiment indicates that the breakdown field strength of
bulk LiF is about 3 MV/cm.'? This value is compatible with
a theoretical description of dielectric breakdown proceeding
by the avalanche process.’* In thin films, where there are
fewer electron mean-free paths, the breakdown field
strength is higher. Here, the mechanism for populating the
conduction band may be field emission of electrons from the
valence state.'

Even prior to producing bulk breakdown, these pro-
cesses could result in a lattice of Li™ and neutral F in the
vicinity of the conduction path or on the surface. Field evap-
oration of Li™ then could occur from this region at a much
lower value of the electric field than for the direct field evap-
oration discussed previously. Iflithium ions are produced by
the field evaporation process in this manner, we would ex-
pect to see few flucrine ions, if any. However, if the process
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proceeds to breakdown, and vaporization of bulk material is
produced, this vapor could be ionized in the high electric
field near the anode surface. In this case, we would expect to
see both lithium and fluorine jons. Neutral species would be
difficult or impossible to detect.

C. Fleld-induced fragmentation

High electric stress can cause fragmentation of the di-
electric along grain boundaries or other crystal imperfec-
tions. The electric field strength at the surface of the dielec-
tric fragment will be enhanced above the value at the needie
tip. For example, if a spherica! piece of dielectric is intro-
duced intc 2 region of uniform field strength E,, the field is
distorted in the region of the sphere. The maximum field
strength at the surface of the dielectric is given by
E.... = E,(3¢/e + 2), where € is the dielectric constant.’”
For LiF, wheree = 9, E_,, =2.5F,. The field inside the frag-
ment is enhanced by the same factor. If the fragment is
charged, the enhancement factor will be even greater. The
enhanced surface field will increase the probability of direct
field evaporation of surface ions. The enhanced interior field
will expedite dielectric breakdown processes and electron
tunneling. Also, a charged fragment will be unstable when
therepulsive coulomb energy exceeds the cohesive energy. If
the charge is distributed uniformly on the surface, using the
fact that the cohesive energy of each LiF pairis 10.5eV,  itis
easy to show that a spherical cluster of N atoms is unstable

when the fractional ionization f'satisfies /> /1.43 /N.
Thus, for a number of reasons, the fragment is a more
probable source of ions than the original surface.

. DISCUSSION

The data presented here do not permit unambiguous
determination of which of these mechanisms is responsible
for the production of ions in this experiment. As shown in
Table 1, the surface electric field is estimated to be near 100
MYV /cm, assuming a smooth LiF surface. Transmission elec-
tron micrograpas show that the surface is rough. Such
roughness could easily produce local fields several times
higher, sufficient to directly field evaporate Li ions from
many surface sites on the LiF crystal. Within the LiF, the
field is estimated to be on the order of 10 MV/cm, which is
higher than the bulk breakdown field for LiF. Processes
leading to dielectric breadkown certainly occur at these
fields. I field-induced fragmentation occurs, all field
strengths are increased significantly for the fragment, ren-
dering all means of ion production more probable. The
burstlike nature of the emission leads us to expect that frag-
mentation, followed by a breakdown phenomenon of some
sort, is occurring.

In conclusion, we have determined that ion emission
from LiF can occur solely as a resuit of high electric fieid
stress. Although we have not been able to unambiguously
determine the field-related mechanism responsible for pro-
ducing ion current, we believe that field-induced fragmenta-
tion and dielectric breakdown are likely to occur. Field in-
tensities are also sufficient to directly field evaporate Li
from a number of surface sites. A measurement of the emit-
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ted jon species would help to determine the mechanism, as
we would expect a pure Li beam from field evaporationand a
beam of Li and F ions from dielectric breakdown-induced
vaporization. In experiments on particle beam accelerators,
high-energy electrons strike the ion-emitting surface. The
effect of these high-energy electrons impinging on the LiF
surface could be determined by using an electron gun aimed
at the tip in our experimental setup.
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