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The as-deposited WF,-CVD tungsten film consists of columnar grains about 3 pm in diameter and about 30 pm in length. The 

film has a (100) fiber texture with a clear tendency to the formation of a pseudo-mono-crystal. The overwhelming part of the grains 

have their (100) axes within 27O of the surface normal. The as-deposited film surface consists of {ill} crystal planes. Two hours 

annealing at 2273 K resulted in grain growth leading to a grain diameter of more than 70 pm. Inspection of etch pits revealed that 

62% of the surface area consists of grains which have their (100) axis within 16 o of the surface normal. 

1. Introduction 

A thermionic energy converter (TEC) is a de- 
vice which directly converts heat into electricity. It 
consists of two electrodes one of which (the 
emitter) is heated to a temperature at which it will 
thermally emit electrons. The other electrode (the 
collector) is kept at a lower temperature and col- 
lects the electrons, see fig. 1. Part of the heat 
removed from the emitter by evaporating electrons 
is rejected to the collector by condensing elec- 

Fig. 1. Schematic drawing of a cesium vapour thermionic 

converter. It is a low voltage (0.5 V), high current density (10 

A/cm’), direct current power source. 
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trons. The remaining part is converted into elec- 
tric power in the load as the electrons return to 
the emitter potential. Thermionic converters oper- 
ating in vacuum will not produce any substantial 
current density unless the electrode spacing is less 
than 5 pm. This is due to the space-charge effect. 

The space-charge problem can be overcome by 
introducing a rarefied vapour in the interelectrode 
space. The vapour generally used in TEC’s is 
cesium, as it has the lowest ionization potential of 
all the elements (3.89 ev). The cesium vapour will 
partial ionize at the hot emitter surface, forming a 
cesium plasma. The positive charge of the cesium 
ions will neutralize the negative charge of the 
electron cloud causing the space-charge effect. 
Thus the interelectrode gap can now be increased 
to 0.5 mm while maintaining high current densi- 
ties. Furthermore, cesium will bring down both 
emitter and collector workfunctions (& respec- 
tively &). The potential diagram of a TEC is 
shown in fig. 2. In order to get the optimum 
output voltage Va, the barrier index 

I/b=%+ v,, (1) 
should be minimal. Consequently, the collector 
workfunction, cp,, and the plasma drop V, should 
preferably be as low as possible. 

The plasma drop is almost linearly propor- 
tional to the cesium vapour pressure. So, in order 
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Fig. 2. Potential distribution in a thermionic energy converter. 

to reduce V, we would like to reduce this pressure. 
This, however, would result in a severe current 
density loss due to the increase of the emitter 
workfunction, & [1,2]. Efforts to develop an 
emitter material with an optimal workfunction are 

the subject of this paper. 
It is the aim of our research group to develop a 

combustion heated thermionic energy converter 
for industrial application [3]. A cut-away view of 
our design of a TEC is shown in fig. 3. In order to 
facilitate the commercial application of TEC’s, 

higher efficiencies and lower material and manu- 
facturing costs are desired. As an emitter for a 
TEC we propose to use plasma sprayed tungsten 
[4]. This will result in relatively low material and 
manufacturing costs. The workfunction of a 
tungsten emitter surface (&) depends on the na- 
ture of the lattice planes constituting the surface. 
Crystal faces with the highest workfunction in 
vacuum will give the best efficiency in a cesiated 
TEC [1,2]. Therefore, the (110) crystal faces of 
tungsten with a high workfunction in vacuum 
($I = 5.22 eV> [1,2] are preferred at the surface. 
The grains in plasma sprayed tungsten are ran- 
domly orientated, i.e. the plasma sprayed tungsten 
has no texture. Consequently, the lattice planes 
that constitute the polished macroscopic surface 
of the emitter have a random orientation relative 
to the main axes of the tungsten crystal lattices. 

In the present work we describe an investiga- 
tion into the possibility to improve the efficiency 
of a randomly orientated tungsten emitter by de- 
positing a textured tungsten film on the emitter 
surface. In order to get an idea of the sharpness of 
the texture that is required in emitter material, the 
effective workfunction (&r) of a surface com- 

Fig. 3. Eindhoven University of Technology design of a combustion heated, water cooled, thermionic energy converter 
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posed of (110) crystal planes with a fraction F of 
(116) crystal planes is deduced. These two planes 
are chosen because they have the highest and the 
lowest workfunction (5.22 and 4.3 eV respectively). 
The current density (in A/cm*) from a pure uni- 
form surface is: 

Z = 120c2 exp( -+/kc), (2) 

where T, is the emitter temperature in K, + the 
workfunction in eV, and k the Boltzmann con- 
stant. 

The current from a pure nonuniform surface is 
governed by an effective workfunction &r. The 
current from the nonuniform surface is the sum of 
the current from the (110) area and the (116) area. 
For the effective workfunction of the nonuniform 
surface we get the formula: 

exp( -&r&T,) = Fexp( -%i&T,) 

+(1-F) exp(-$iiO,/kT,), 

(3) 

where F is the fraction of the surface area com- 
posed of (116) crystal plans. In fig. 4 the effective 
workfunction as a function of the (116) area frac- 
tion (F) is shown. We can conclude that the 
amount of alien crystal planes has to be as small 
as possible in order to profit from a (110) texture. 
A reduction of the fraction F from 0.1 to 0.01 in 
the hypothetical “nonuniform (1 - F)(llO) + 
F(116)” emitter surface will decrease the current 
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Fig. 4. Calculated effective workfunction of a (110) surface 
area having a fraction F of (116) planes. The emitter tempera- 

ture T, is indicated (1273, 1773 and 2273 K). 

density by circa a factor 14. 
It is known that various textures can be pro- 

duced by the technique of chemical vapour de- 
position (CVD) [5,6]. In the first part of our paper 
we describe the texture and morphology of as-de- 
posited and annealed WF,-CVD tungsten films. In 
part II of this paper [7] we describe the electron 
and Cs+-ion emission properties of these films. 

2. CVD of tungsten films from WF, 

Tungsten films were deposited by CVD in a 
vertical stainless steel hot wall reactor. To achieve 
this, WF, was reduced according to the reaction: 

WF,+3H2+W+6HF. 

Deposition was carried out at 1173 K using 1 mm 
thick tungsten substrates. The substrates were 
spark machined from a sintered tungsten rod. The 
diameter of the plane substrate was 13 mm. The 
substrates had no texture. The total pressure dur- 
ing the CVD process was 4 mbar at a H,/WF, 
ratio of 10. The WF, used was of electronic grade 
purity. These conditions resolved in a surface-re- 
action-limited deposition rate of 30 pm/h. We 
found an activation energy of 43 + 2 kJ/mol for 
this CVD process [8]. The Vickers hardness of the 
as-deposited film was found to be HV = 548 
kgf/mm*. The load used in the hardness measure- 
ment was 0.1 kgf. Festa and Danko [9] found a 
relation between the fluorine content and the 
hardness of the CVD film. From the measured 
hardness we estimate the fluorine content of the 
tungsten film to be 20 ppm. A large fluorine 
content slows down the grain growth in the film 
[9]. Probably the fluorine content is of importance 
for the electron emission properties as well. 

After the deposition, one of the W-disks was 
incorporated, as an emitter, into a research diode. 
The experiments carried out in this research diode 
are described in part II of this paper. 

3. Morphology and texture of the WF,-CVD 
tungsten film 

Scanning electron microscope (SEM) photo- 
graphs of the surface and of a cross section of the 
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Fig. 5. SEM pictures of the as-deposited WF,-CVD tungsten film: (a) top view - four-sided pyramids bounded by (111) planes: (b) 
etched (Murakami etching) cross section, at the upper side the tungsten substrate is visible. 

as-deposited film are shown in fig. 5. The 30 pm 
thick film consists of columns about 3 pm in 
diameter. The top of a column is a four-sided 
pyramide. The interplanar angle at the top is 
smaller than 90 O. From this morphology the 
surface planes are identified to be (111) planes. 
The texture of the film has been investigated using 
a cylindrical texture camera [lo]. In fig. 6 the 
X-ray diffraction patterns obtained are presented. 
As a result of the cylindrical geometry of the 
camera the diffraction cones of constant 20 inter- 
sect the recording film in straight lines. A bell 
shape of the composition of reflections is visible. 
Going from the top to the bottom in a vertical 
direction the 28 Bragg angle increases. At each 

reflection the Miller indices of the corresponding 
lattice planes are indicated. In the horizontal di- 
rections, the distribution of the angles which the 
specified lattice planes make with the normal to 
the sample (i.e. the tilt angle p), is represented. 
This angle is zero on a central vertical line in the 
figure. If no texture is present in the sample, the 
reflections should continuously extend over the 
whole horizontal range. A Siemens X-ray texture 
goniometer after Lticke, with an automatic pole 
figure plotter has been used as well. Resulting pole 
figures are shown in fig. 7. During the measure- 
ment, the angle between the primary X-ray beam 
and the detector is kept at a fixed value of 51.30”. 
This angle corresponds to the 213 Bragg angle of 

Fig. 6. X-ray pattern of the tungsten film obtained using a cylindrical camera. Cu Ka radiation was used. The angle of incidence of 
the primary beam is 30 O. The sample is not rotated. (a) The as-deposited tungsten film. (b) The annealed film (2 h at 2273 K). 
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Fig. 7. (110) pole figures of the tungsten films obtained with a Siemens texture goniometer. FeKa radiation was used. (- - -) 

angle of 45”; (//,////) region of maximal intensity; ( -) lines of equal intensity, every next line corresponds to a lower 

intensity (10% of the maximal intensity). (a) As deposited WF,-CVD tungsten: four {IOO) poles can clearly be identified, indicating 

that apart from a fiber texture there is an inclination to form a pseudo-mono-crystal. (b) The annealed film (2 h at 2273 K). 

the { 110) lattice planes. The reflected X-ray inten- 
sity is recorded while the sample is tilted and 
rotated. Going from the centre to the rim of the 
pole figure, the sample is tilted from 0 o to 90 O. 
Going around in a circular movement in the figure 
corresponds with an equivalent rotation of the 
sample around an axis perpendicular to the sam- 
ple surface. At the centre of this (110) pole figure 
the intensity is low because in this sample there 
are almost no { llO} planes that are parallel to the 
sample surface. The lines in the pole figure are 
lines of equal intensity (as on a contour map). For 
further details we refer to the literature [ll]. 

Fig. 6a shows that the Bragg reflections of the 
(200) lattice form are concentrated in a small 
region around the centre of the diffraction line. 
This means that a (100) texture is present. From 
the width of the 200 reflection we have calculated 
that grains with a [loo] crystal axis deviating up to 
27” from the normal to the substrate, are present 
[&lo]. Thus the (100) axis of the tungsten crystal 
lattice of a column is tilted relative to the sub- 
strate surface. The maximal tilt angle of the (100) 
crystal axis of a column (p,) is: nm = 27 O. Fig. 7a 

confirms that a (100) “fiber” texture is present 
because in the (110) pole figure, maximum inten- 
sity is found at a tilt angle of 45 O. Four { llO} 
poles can be observed in the (110) pole figure. 
This indicates that the film is a pseudo-mono- 
crystal. 

When used as an emitter in a TEC, the tungs- 
ten film will be heated for a long time at about 
1673 K. In order to investigate the annealing 
process of the tungsten film, we have heated a 
mechanically polished film for 2 h at 2273 K in 
vacuum. The grain size increases to 70 pm. The 
annealed film has been investigated by X-ray dif- 
fraction. The X-ray pattern, obtained with a cylin- 
drical camera, while the sample does not rotate, is 
shown in fig. 6b. The spotted appearance of the 
reflections is a consequence of the coarse crystal- 
linity of the annealed film. The concentration of 
the 200 Bragg reflections in a small region around 
the centre of the diffraction line indicates the 
presence of a (100) texture. This is confirmed by 
the splitting up of the 110 Bragg reflections in two 
regions, see fig. 6. As expected in a (100) texture 
the angle between these two regions is 90 O. 
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Fig. 8. Cross sectlon and top view of a tungsten CVD coated sample subjected to the following treatments: (1) mechanical polishing, 
(2) heat treatment: 2 h at 2273 K in a vacuum, (3) electrolytical etching. (a) Cross section showing the results of thermally activated 

grain growth in the film. (b) Etch pits on the surface indicating a (106) crystal plane. 

The X-ray pattern of a sample which was 
rotated during the measurement had no spotted 
appearance. The width of the 200 reflection in this 
pattern was changed, compared to the pattern of 
the as-deposited film. A maximal tilt angle p, = 
36 o was found for the annealed film. The (110) 
pole figure obtained with the Siemens texture go- 
niometer does not explicitly show a (100) texture, 
cf. figs. 7a and 7b. This may be caused by the 
coarse grains in the annealed tungsten film, the 

Fig. 9. In a standard stereographic projection, the various 
crystal planes with their characteristic etch pits are shown. The 

abundance of the various crystal planes on the surface of the 

annealed film (2 h at 2273) is indicated by dots. (- - -) 

Maximal tilt angle (p,,) in the annealed film found by X-ray 
diffraction. 

rather weak texture and the resulting strong in- 
fluence of defocussing. 

The surface of the annealed tungsten film was 
electrolytically etched for 50 s in a 3% NaOH 
solution at 2 V. SEM pictures of a cross section 
and of an electrolytically etched surface of the 
annealed film are shown in fig. 8. From the geom- 
etry of the etch pits found on the various grains in 
the surface, the crystallographic nature of the 
surface can be determined [12]. The abundance of 
the various types of etch pits is plotted in a 
standard stereographic projection (see fig. 9). This 
figure gives an indication of abundance of the 
various crystal faces at the surface. From fig. 9 it 
is deduced that 62% of the polished surface area 
consists of crystals which have their (100) axes 
within 16” of the substrate normal. It is remarka- 
ble that the grains prefer an orientation between 
(100) and (112). 

4. Discussion and conclusions 

A (110) textured tungsten film with a (110) 
surface is the most desirable as an emitter in a 
thermionic energy converter, because such a film 
will have the best electron emission properties in a 
cesium filled TEC. We have deposited the tungs- 
ten films on texture-free tungsten substrates. By 
X-ray diffraction, we found a (100) fiber texture 
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in the as-deposited tungsten films. The surface is 
composed of (111) lattice planes. By X-ray dif- 
fraction in a cylindrical camera, the annealed film 
also showed a (100) texture. The maximal tilt 
angle was found to increase from 27” in the 
as-deposited film to 36O in the annealed film. The 
maximal tilt angle present in the annealed film, is 
indicated as a boundary line in the standard stere- 
ographic projection reproduced in fig. 9. Detailed 
inspection of the surface of the annealed film after 
electrolytical etching showed that 62% of the 
surface area was within 16” of the (100) crystal 
plane. In fig. 8a it is seen that a grain in the film 
grows together with a grain in the substrate. As 
the film is thin (30 pm), the growth of the grains 
in the film during annealing at 2273 K was prob- 
ably influenced by the randomly orientated grains 
in the substrate. 

The plasma sprayed tungsten used in a TEC as 
a substrate for the CVD tungsten film and the 
substrate used in the annealing experiment at 2273 
K, are free from texture. In a TEC the emitter is 
heated up to a merely 1673 K. At this lower 
temperature the grain growth rate is lower [13]. 
However, the heating is supposed to be performed 
for a long time (40000 h). From the experiments 
described in part II it is clear that grain growth 
(up to 100 pm) occurs during the life (2000 h) of 
the CVD film as an emitter (1673 K). Thus the 
grain size is of the same order of magnitude, both 
after annealing at 2273 K and after the experi- 
ments in the TEC. We expect the texture to be the 
same in both cases as well. A WF,-CVD tungsten 
emitter surface which is polished parallel to the 
substrate surface will consist predominantly of 
{ lOO} crystal planes and its vicinal planes. In part 
II the electron emission properties of the (100) 
tungsten film are described. 
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