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Abstract. Investigations of nanocrystalline (NC) tungsten samples by field emission methods
showed that energy-distributions of field-emitted electrons from NC tungsten differ significantly
from energy-distributions of coarse-grained metal. Measurements by an electron beam retard-
ing potential technique displayed the reduction of work function due to formation of NC structure
in metal. The revealed features are explained using two phase model for NC metal.

1. INTRODUCTION

Properties of nanocrystalline (NC) materials [1-3]
with a mean grain size of about 10-100 nm are es-
sentially distinguished from those of coarse-grained
ones. This difference is attributed not only to the
small NC grain size but also to the changes occur-
ring in other structure levels of a material, in par-
ticular, electron one [3]. Especially, it concerns the
role of electrons belonging to the external atom shell
the collectivization of which generates large bond-
ing energy and influences properties of metals and
alloys.

The results for investigations of total energy dis-
tribution of electrons and work function of NC metal
are presented in this paper.

2. EXPERIMENTAL PROCEDURE

Methods of transmission electron microscopy, field
ion and field electron emissions, and an electron
beam retarding potential technique were used to
study features of microstructure and electronic

structure of the NC tungsten (purity of 99.99%). The
NC structure was obtained by high plastic deforma-
tions up to the true logarithmic strain e=7 by means
of torsion under quasihydrostatic pressure on a
Bridgemen anvil. The microstructure of the NC
sample was studied using a transmission electron
microscope JEM-2000EX.

The disk nanocrystalline samples for investiga-
tions of microstructure by transmission electron
microscopy and for measurements of work function
were about 10 mm in diameter and 0.1-0.2 mm.
Samples for investigations of the microstructure in
a field-ion microscope were produced from NC tung-
sten in the form of point emitters with a radius of
curvature, ~30-50 nm, by means of electrolytic etch-
ing. The tip was spot welded to a metal loop. The
field-ion microscope was equipped with a
microchannel ion-electron converter, which intensi-
fied the brightness of surface micropatterns by a
factor of 104. Liquid nitrogen was used as a coolant
(T=78K). Spectroscopically pure neon was used as
imaging gas.
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The field emitter tips, prepared for investigations
using field emission methods, had an atomically
smooth surface which was close to semi-spherical.
The surface was prepared in situ by field evapora-
tion. A controlled removal of atomic layers from the
sample surface was carried out until a grain bound-
ary appeared on a field ion image.

The tip with grain boundaries at the apex was
installed in a field-electron spectrometer to study
features of the electronic structure of the material.
Experimental studies were conducted under condi-
tions of ultra high (<10 Pa) vacuum. The spectrom-
eter was equipped with a field-electron microscope
for continuous observation of the emission pattern
and a dispersive electrostatic energy analyzer with
a resolution better 30 meV [4]. The detection of the
emission current at the output of the analyzer was
made possible by means of a secondary electron
multiplier operated in the counting regime. The se-
lection of the probed emission direction was
achieved by means of a special manipulator. The
probed area on the surface (10 nm diameter) of a
point was determined by the size of the hole on the
screen-anode. Measurement and processing of data
were controlled by means of a personal computer
and a CAMAC interface system using original soft-
ware. Directly before measurements, the surface of
a tip was cleaned by field desorption.

For a comparative analysis, a point, after an-
nealing in situ at a temperature of about 800 °C for
20 minutes, was investigated. Annealing was per-
formed by means of current passing through the
nickel loop supporting the W-tip.

The electron work function was determined by
the electron beam retarding technique, as was dem-
onstrated first by Anderson [5]. The measuring part
of experimental installation is three-electrode elec-
tron-optical system [6]. The system consists of a
thermocathode, focusing electrode, anode with a
central grid hole to release a parallel beam of elec-
trons to the retarding area prior to the sample and
the sample to which the external retarding potential
V_is applied (Fig. 1). The measuring system is
placed in a work chamber of a high vacuum device.
Measurements were performed in vacuum <10 2Pa.
The termocathode was made from a tungsten wire.
The samples for measurement were cut in the form
of adisc, about 5 mm in diameter. They were cleaned
electrochemically before loading to sample holder.
The retarding voltage V was applied to the cathode
unite so that the voltage V., between the cathode
and the grid remained constant. The process of
measurement of retard current on the sample and
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Fig. 1. Schematic diagram of the experimental ar-
rangement.

processing of data were controlled by means a per-
sonnel computer connected with CAMAC interface
using original software.

The sample - cathode system being in electric
contact come to balance when their electrochemi-
cal potentials become level. At the same time there
occurs the contact potential difference V_between
them which is equal to the remainder of their work
function eV = ¢-¢_. There was performed measure-
ment of the dependence of the current on the sample
| (retard current) on the potential difference between
the electron source and the sample V_(retarding
voltage). At first the measurement was performed
on the tungsten sample with NC structure. Then this
sample was annealed and the same measurement
was performed on this annealed sample under simi-
lar conditions. Comparing the relative shift of curves
I (V) by the axis of the potential in the sample with
NC structure and the annealed one the difference in
the work function of the metal in two conditions
Opc- 0,- was determined.

3. RESULTS AND DISCUSSION

TEM studies have shown that severe plastic defor-
mation resulted in NC samples (Fig. 2) with homo-
geneous granular structure with a mean grain size
of about 100 nm [7]. A diffusion contrast of grain
boundaries, and bended extinction contours within
grains observed on diffraction patterns testify a non-
equilibrium state of the majority of grain boundaries
[3]. Annealing of the NC samples led to recovery of
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their structure, the mean grain size increased to
several micrometers. In tips of NC tungsten produced
by electrolytic etching such a microstructure was
preserved.

Fig. 3 shows a field ion image of the surface of
NC tungsten with a grain boundary. Such a pattern
of the surface was obtained by evaporating about
106 atomic layers of a (110) plane. During the re-
moval of 43 atomic layers, the atomic structure of
the grain boundaries was examined. For further field
emission investigations a high angle grain bound-
ary was selected (Fig. 3, indicated by an arrow).
The analysis of the boundary structure within the

Fig. 3. Field ion image of the NC W surface (V=12.6
kV) with grain boundary (indicated by arrows). Circles
1,2 indicate portions of the surface for which total
energy distributions of field-emitted electrons are
given.

Fig. 2. Microstructure of nanocrystalline tungsten in TEM: a) light field with diffraction pattern, b) dark field.
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tip, performed by means of controlled removal of
surface atoms, has shown that its crystalline struc-
ture differs from the structure of the grain boundary
of those tungsten specimen, not subjected to high
plastic deformations. According to our estimations
of the field ion pattern, the width of a boundary is
not more than 0.6-0.8 nm. In the non-deformed tung-
sten this width is 0.3-0.4 nm.

The atomically smooth surface of a tip, formed
in a field-ion microscope, was then investigated ina
field-electron spectrometer. The energy distributions
of field-emitted electrons were measured for differ-
ent emitting sites and the position of each site was
controlled by means of the emission pattern. Though
the resolution achieved by field electron microscopy
is lower compared to field-ion imaging (by an order
of magnitude), comparison of the two emission im-
ages allowed to identify the microstructure of areas
where electron energy-distributions were taken.

Three types of total energy distributions of field-
emitted electrons depending on the selected emis-
sion site on the tip were obtained [8,9]. Spectra
taken from the area containing the grain boundary
(Fig. 4) have an additional peak in the low energy
region which or the inflection in the high energy re-
gion. An additional peak increases with increasing
anode voltage (Fig. 4a) and the inflection decreases
with increasing anode voltage (Fig. 4b).

In the case of areas away from the grain bound-
ary the electron energy-distributions are similar to
the classical one and expected from the Fowler-
Nordheim theory (Fig. 5). However, the full-width-at-
half-maximum (FWHM) of this spectrum signifi-
cantly (by 0.4 eV) exceeds this parameter for the
classical spectrum [10] and is 0.58-0.64 eV.

As shown before [3,11] annealing of NC samples
led to recovery of their physical properties. This re-
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Fig. 4. Total energy distributions of field-emitted electrons from NC tungsten at different anode voltages
(given in inset) obtained for different areas of surface of tip, containing a grain boundary (Fig. 3).

covery correlates with the recovery of the microstruc-
ture. In situ annealing of a tip at a temperature of
about 800 °C for 20 minutes leads to a partial recov-
ery of electron energy-distributions (Fig. 6). Only
one peak was observed in the spectrum. After an-
nealing, the FWHM decreased to 0.45-0.60 eV.

Revealed significant differences of energy charac-
teristics of electrons emitted from NC metal and
electrons emitted from coarse-grained metal can be
caused by features of microstructure. In particular,
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Fig. 5. Total energy distributions of field-emitted elec-
trons from NC tungsten at different anode voltages
(given in inset) obtained for area 2 (Fig. 3) away
from the grain boundary.

we consider an elevated volume fraction of grain
boundaries, being in a specific non-equilibrium state.
Them effective physical width thickness significantly
excesses a crystallographic width of grain bound-
aries and is about 10 nm [3,12]. The NC material
can be presented in the form of aggregate of two
phases: granular and grain boundary. The first phase
has characteristics of conventional monocrystalline
or coarse-grained material. The characteristics of
the second phase have different fixed values. In par-
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Fig. 6. Total energy distributions of field-emitted elec-
trons at different anode voltages (given in inset) for
the annealed point at 800 °C in vacuum.
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ticular atoms in the second, grain boundary, phase
have low (approximately on 150 °C) Debye tempera-
ture [13,14], are at dynamically excited state. Such
state results in the reduction for work function. Let
us consider how the reduction of work function in-
fluences on view of total energy distributions of field-
emitted electron.

For interpreting the experimental data let us do
the following [9,15]. Let us present the experimen-
tally measured total energy distributions of field-
emitted electrons in the form

N:iSf(x,y), (1)
e
(exp(x))’
f(Xy) =",
) 1+ exp(x)
£—¢,
=
(2)
8n 2m(pn(\/eaE/(p)
= T
Y 2ehE ’

where j is the emission current density, e is the
elementary charge, S is the efficient area of emis-
sion, ¢_is the Fermi’s energy, k is the Boltzmann’s
constant, T is the Kelvin's temperature, h is the
Plank’s constant, m is the electron mass, ¢ is the
emission work function, E is intensity of the elec-
tric field, n(\/e3_E/(p) is the weakly changing func-
tion of the argument [16].

Then while analyzing emission from areas con-
taining grain boundaries one should take into ac-
count that it comprises the emission from the grain
body N, and from the grain boundary area Ngb. Itis
assumed that grain boundary phase has the
changed work function and the Fermi’s level:

N=N,+N, =
Jy

J
. S,f,(xy)+ fsghgh(x —b,cy) =

J
;‘) So[fo(x,y) +af, (x - b,cy)],
S

jgh gh

JiSs
b= Ae,

(4)
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For determining Ael:=(sl:)m1-(sl:)0 and Py, =P, +AP let
us take the following model.

Electrons of conductivity, which can emit are in
a potential pit with Coulomb interaction with ions

0, :eznua, (5)

@y, is the full work function while removing an elec-
tron, n is the concentration of electrons of conduc-
tivity or ions. The Fermi’s level:

h2 3 213
F 2m(8n j ©)

Emission work function

0=0,-¢,. (7)

We assume that the change in the value ¢, €. and
¢ is connected with the change in the concentra-
tion nin one of crystallographic directions. Then

An
A(pn:(pnis
n
2 An
Ag, =—¢g, —,
3 n (8)
1 An

Ap=@+—¢,—.
3 n

Not considering the physics of the question let us
study the expression (3) at definite assumptions in
respect to the values ¢, €., An.

It turned out, that the distributions (3) similar to
experimental ones can be formally obtained if ¢—
€.>0, An<0, from which it results that Ae <0, Ap<O0,
b<0, c¢<1 (Fig. 7). It is in accord with lesser quanti-
ties of the concentrations n and of the work function
from the grain boundary phase. In the case of less
contribution to the emission from this phase, a=0.3,
it can be obtained the distribution with an additional
peak in the low energy region (Fig. 7a) by numeri-
cal modeling. When the contributions from both
phases are comparable, a=0.9 — the contribution
with the inflection in the high energy region (Fig.
7b).

The growth of the field corresponds to a small
decrease in y, a growth of a and a more distinct
growth of the factor d= /e-S,. Numerical modeling
results that with growing the field E the left maxi-
mum becomes more distinct (Fig. 8) and the right
inflection decreases. This behavior corresponds to
experimental data.



Features of electronic structure for nanocrystalline metal 127

0B 4

o : . - - -
=40 =30 =20 -1 o 10 Pt
X

05 4

40 =30 =0 =10 o) o e
X

Fig. 7. Energy distribution function N versus x at y=0.2, b=-8, ¢=0.9 for a) a=0.3 and b) a=0.9.

Thus numerical modeling shows the case of
decreased values of concentration n, Fermi’s level
and work function for grain boundary phase is suit-
able to the experiment.

Let us explain how different Fermi’s levels and
different work functions are reflected on total en-
ergy distributions of field-emitted electrons. Let us
apply the concept from the theory of spots for work
function of a non-uniform electron emitter [17]. Grain
and grain boundary phases of NC metal have differ-
ent Fermi’s energies. Presence of electric contact
with each other leads to violation of charge electric
neutrality of these areas, leveling their electrochemi-
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Fig. 8. Energy distribution function N versus x at 1)
y=0.22, a=0.1, d=0.2; 2) y=0.21, a=0.2, d=0.5 and
3) y=0.20, a=0.3, d=1.

cal potentials and appearance of contact potential
between spots corresponding to the exit of areas
on the surface of emission. The value of contact
potential is equal to the difference of work functions
or the difference of Fermi’s levels calculated from
the energy of a rest free electron. The electric field of
the contact potential or the field of spots for our case
can be calculated as E<0'V/10°cm=10%V/cm. In
case of field emission the external field exceeds
this value and emission occurs from separate ar-
eas with different work function that is reflected on
spectra. The field of spots has a normal constituent
near the metal surface and a tangential constituent
at some distance. Electrons pick up transverse
energy in respect to the direction of emission com-
parable with contact potential. This is reflected on
the spectrum in the form of emission from different
Fermi’s levels. Decoding of spectra requires knowl-
edge of apparatus functions of a definite device and
seems to be sufficiently informational.

Thus reasoning from this numerical simulation it
has been assumed that formation of the
nanocrystalline structure in the material leads to
occurrence of current paths with low work function
(grain boundaries) [9,15].

The direct experimental determination of a value
of work function for a NC metal is is topical both
from fundamental and applied reasons. Its value is
responsible for efficient operation of many types of
electron sources.

The measurements of work function were made
by electron beam retarding technique [6]. The re-
sults of measurement of the retard curve are shown
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Current (1), relative units

in Fig. 9. Relative values of current are along the
axis of ordinates and voltage values of V are along
the axis of abscissa, 0 for V is selected conven-
tionally. The difference in the work function for NC
and annealed (coarse grained) tungsten was deter-
mined by the shift of the curves. The shift was found
by the cross of approximated straight portions of
lines with the abscissa axis. The curve for the NC
tungsten is shifted by 0.8 V to less values of the
potential as compared to the coarse-grained metal,
i.e. the value of the work function for the NC metal
is less by 0.8 eV.

4. CONCLUSIONS

It has been shown that energy characteristics of
field-emitted electrons from NC tungsten differ from
energy characteristics of coarse-grained metal. In
the case of emission from the surface areas con-
taining grain boundary the additional peak in the
low energy region or the inflection in the high en-
ergy region is observed.

On the basis of the analysis performed it can be
suppose that due to formation of NC structure by
means of severe plastic shear straining under quasi-
hydrostatic pressure paths of current with low work
function (grain boundary) occur in metal.

Measurements revealed that the formation of a
nanocrystalline structure results in a decrease in
the electron work function of a metal. For tungsten
with a grain size of about 100 nm, this decrease is
equal to 0.8 V.

R.R. Mulyukov

Presented investigation results provide finding
ways for creation of highly efficient emission matri-
ces.
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