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Abstract

The emission material in High Intensity Discharge (HID)
lamps plays a significant role in lowering the electrode work
Ba-
containing rare earth- and alkali earth tungstate materials are

function and thus the lamps’ operating temperature.

commonly used as cathode thermionic emission materials be-
cause of the production of high intensity discharge.

The goal of this present work is to model a cathode tip sur-
face evolved during sintering and to compare the physical and
chemical properties of emission materials currently used in the
industry. In order to achieve this goal, we investigated and com-
pared the layer structure of Ba-Ca- and Ba-Y-containing emis-
sion materials evolved on polycrystalline tungsten foils. Simul-
taneously, the tendency of the work function was also monitored
as a function of Ba/BaO layer thickness. The Ba coverage of
cathode is one of the most important factors during the lifetime
of HID lamps. The initial Ba diffusion was also examined. We
also proposed a layer model, valuable for the structures occur-
ring during the operation of lamps.

The chemical composition of the flat samples was analysed by
X-ray Photoelectron Spectroscopy (XPS) and the electron emis-
sion properties by Work Function Spectroscopy (WFS).
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1 Introduction

Barium has a considerable importance in lighting technology
as a work function lowering element, which is shown by the
Richardson-Dushmann equation [1f], where a lower work func-
tion and a higher thermionic current are achieved at the same
temperature. For that reason, the investigation of the work func-
tion is critical to these lamps. In the commercial high-pressure
discharge lamps the mixture of Ba-containing rare earth- and al-
kali earth tungstate materials are used as an emission material
to lower the electrode work function [2]]. The emission material
that coats the tungsten electrode coils vaporizes by a dissocia-
tive process at high operating temperature (1600°C), generating
free Ba at the surface, as a result of the reaction between the
polycrystalline tungsten cathode and the emission material [3].
The Ba coverage results in an improved lamp performance by
lowering the electron work function (@) of the tungsten elec-
trodes, and consequently by lowering the operating temperature
(Dgg= 4,5 eV for clean W surface [4], ®=2,0-2,30 eV for BaO
monolayer on W at 1000 — 1200 K [SH7])).

Many efforts have been taken to investigate and to understand
the mechanism of thermionic cathodes during their operation
time and it is also ascertained that either Ba or BaO layers can
decrease the work function of the cathode. In 1957 Rittner et al.
[4] found the following three facts: (i) the emitting surface of the
cathode consists not only of barium on clean tungsten, (ii) oxy-
gen is an important constituent of the dipole layer throughout the
cathode life, and (iii) the oxygen coverage appears to be nearly
monoatomic. Based on experimental results, Forman [5] sug-
gested that a barium multilayer is unstable at the operating tem-
perature of cathodes. Thus, in the initial stages of lifetime the
cathode behaves as a slightly oxidized tungsten surface covered
by a barium monolayer at normal operating temperatures. If the
arrival rate of barium to the surface is slow — it may occur if the
pores of tungsten are depleted of barium during aging — only a
partial monolayer of barium can be sustained in thermodynamic
equilibrium on the surface. Rittner has found a Ba monolayer on
the surface over the entire cathode life strongly bounded to the
tungsten by an underlying nearly complete monolayer of oxy-
gen [8]. Rittner also observed that the end of lamp life is in
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connection with the barium exhaustion from the porous tung-
sten matrix. The results of Haas and Springer [9] establish the
presence of a partial monolayer of barium oxide on the surface,
while Jones [10] has experimental evidence of an equilibrium
balance between barium and barium oxide.

Taking into account that the partial monolayer coverage leads
to the lowest work function and its main constituents are Ba and
O, since the seventies it has been an accepted fact that this is the
preferred state of the cathode surface [61|7,11}/12].

Our goal was to model a cathode tip surface evolved dur-
ing sintering, and we proposed a layer model valuable for the
structures occurring during the operation of lamps. To achieve
this goal, we carried out model experiments on Ba covered flat
tungsten plates, prepared under industrial conditions in order to
model a cathode tip surface. We simultaneously investigated
the tendency of the work function and the chemical composition
at room temperature, under oxygen-free UHV atmosphere, as a
function of Ba/BaO layer thickness.

2 Experimental

The experiments were carried out at room temperature in a
combined surface analytical system allowing for electron ex-
cited WES (Work Function Spectroscopy) and for XPS (X-ray
Photoelectron Spectroscopy) in the same UHV chamber with a
background pressure below 107%Pa, pumped with an ion get-
ter pump. The WFS measurements were performed using a VG
Microtech LEG200 electron gun, with a minimum spot diam-
eter of 200 nm. Primary electrons were accelerated by 0.25 —
9 keV. A VG Microtech CLAM?2 truncated hemispherical anal-
yser with an energy resolution of 0,3 eV was used for electron
energy analysis.

The WFS method uses the low kinetic energy region (0 — 30
eV) of the secondary electron energy spectrum [[13,[14]. The
electrons with the lowest energy but capable of passing the sur-
face potential barrier of the sample provide the onset of the ki-
netic energy spectrum. The onset of the energy spectrum is used
to determine the work function (®) value and its shift indicates
the change of work function. In this present work the tangent
method was used to obtain @ (for details, see [15]).

For the XPS investigation an Mg Ka X-ray source was used.
In order to achieve a different Ba/BaO layer thickness, the sur-
face was cleaned in situ by a differentially pumped argon ion
gun. The applied current density was 10™® A/cm?, resulting in
a sputtering rate of 0,2 nm/min on the SiO; plate. The applied
ion energy was 3 keV.

In this work we modelled the interaction between the emis-
sion material and the tungsten surface by carrying out exper-
iments on tungsten foils. The model samples were polycrys-
talline W foils (average grain diameter of 1 gm) with a hollow
(diameter of 0,2 mm) in their centres. A Ba coating was obtained
on top of tungsten, applying the conventional industrial technol-
ogy. The Ba-containing compound was deposited onto one side
of the W plate in the form of an alcohol-containing suspension.

After sintering in argon compositional changes occurred at ele-
vated temperature, enabling the Ba to diffuse through the hole to
the opposite, clean surface. This surface was used to record the
XPS spectra and it was also used to monitor the work function
of Ba layers as a function of layer thickness.

By resistive heating of the sample holder and thus the sample
in UHV conditions, it was possible to explore the temperature
dependence of diffused Ba amount on tungsten surface. In the
next step of the investigation the tungsten foils were heated in
several steps up to 700°C, and they were held for 6 min at each
elevated temperature. As a result, the Ba diffused through the
hole to the tungsten surface from the source of the emission ma-
terial. Due to the UHV environment, the transportation could
take place exclusively via diffusion. The Ba3d and W4f pho-
toelectron peaks and work function values were recorded as a
function of temperature. The temperature was measured by an
optical pyrometer through the window of the chamber.

For the experiments we used Ba-Ca-containing and Ba-Y-
containing emission materials.

3 Results and Discussion

After the sintering process of the tungsten foils, we detected
the XPS spectra of Ba3ds,,, appearing at 780 eV to establish
its chemical bounding. The Gauss type shape as well as the
binding energy value indicated that BaO layer evolved on the
tungsten surface [16]. Looking at the XPS spectrum of W4f
peak, two bonding states could be at once distinguished: ele-
mental and oxidized W. The doublet of the elemental W appears
at 30,5 eV/32,65 eV, and that of the oxidized W appears at 35,1
eV/37,25 eV. The ® work function was measured at 4,1 eV in
case of both emission materials. This value is lower than that of
the cleaned and oxidized W surface (4,5 eV for clean W surface
and 5,67 eV for oxidized W surface, respectively) and higher
than it is suggested for the BaO covered tungsten surface (2,0-
2,30 eV). This observation could be connected to the oxygen
adsorption to the surface: from the literature it is well known
that the adsorbed oxygen increases the work function at least by
2 eV [17H19].

In the first part of the experiment we investigated the tungsten
surface after sintering process. The depth profile was achieved
by Artion bombardment and the tendency of the work func-
tion and XPS spectra of Ba3d, Ols, W4f, Ca2p and Cls were
recorded, as a function of BaO thickness. In Fig. E] the XPS
concentration and work function values are shown as a function
of the sputtering time in case of Ba-Ca-containing emission ma-
terial. In Fig. [I|the first data points show the chemical composi-
tion after sintering. The oxygen suppresses the effect of barium,
and the work function is influenced mainly by oxygen, resulting
in a higher work function value, as it is discussed above. After
3 min of ion bombardment the amounts of the physisorbed oxy-
gen and carbon as well as barium were decreasing, leading to a
decreasing work function. After 6 min sputtering time the con-
centration of C and Ca was below the XPS detection limit (1%)
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Fig. 1. Work function and XPS concentration of Ba3d, Ols, Ca2p, W4f and
Cls as a function of the sputtering time in case of Ba-Ca-containing emission
material

and, in the meantime the amount of Ba also decreased, resulting
in an increasing work function. By 12 min sputtering time the
most part of Ba left the surface. This led us to the conclusion
that the entire not-tungsten-bound O also disappeared. In the
meantime the concentration of the elemental and oxidized tung-
sten increased as a result of the clearing surface. The oxygen had
a constant ratio (20 %), so it is most probably bounded chemi-
cally to the tungsten. After 15 min of sputtering time the amount
of O did not change while the Ba was continuously eliminated
from the surface, approaching to a Ba-free W foil. At the same
time, the work function drastically increased. This is a proof that
even a small amount of Ba is able to affect the work function.
After 21 min sputtering the surface corresponds to a Ba-free and
slightly oxidized tungsten foil, and the measured work function
value (O = 4,6 eV) is in a good agreement with the value known
from the literature.

The changes to the chemical composition by sputtering were
also traced for the Ba-Y-containing emission material. Fig. 2]
shows the XPS concentration and work function values as a
function of the sputtering time.
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Fig. 2. Work function and XPS concentration of Ba3d, Ols, W4f and Cls as
a function of the sputtering time in case of Ba-Y-containing emission material

The Y3d could not been detected on the surface of this sam-
ple; it probably sintered into the W during the sample prepa-
ration. Similarly to Fig. [I] there was no significant change in
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Fig. 3. The proposed layer structure that evolves during sintering on the

cathode tips surface

the amount of Ba after 3 min of sputtering time. By 6 min ion
bombardment, the concentration of the physisorbed carbon de-
creased below the detection limit. Despite the expected decreas-
ing work function it had an increasing trend after eliminating the
surface contaminants. By comparing the results with the first
type of emission material between 3 and 6 min sputtering time,
it can be assumed that the work function influenced mainly by
the higher amount of the oxidized tungsten in case of the Ba-Y
emission material (15% at Ba-Ca emission material and 25-30%
at Ba-Y emission material). Up to 12 min ion bombardment, the
amount of oxidized W decreased and reached a constant value
by 15 min. After 15 min of sputtering time the Ba amount was
below the detection limit and the oxygen as well as the elemen-
tal tungsten had a constant value. The work function had an in-
creasing trend until 24 min sputtering, similarly to the previous
result.

By this time the surface corresponds to a Ba-free and slightly
oxidized tungsten foil, and the measured work function value
(® =4,7eV) isina good agreement with the value known from
the literature.

The observed results led us to the conclusion that the fol-
lowing layer structure evolves on the W surface as the result of
the sintering (reaction with Ba-containing emission materials at
1650°C in Ar atmosphere (Fig. . After sintering, the surface
of the samples is covered with adsorbed O and C that can be
easily removed by short intensive sputtering. This coverage is
due to the adsorption of the contaminations inside the chamber.
Below this layer the BaO coat is located. Using XPS and WFS
methods, the experiment established that the W layer is more in
the oxidized state than in case of Ba-Y emission material under
the BaO layer. Since both doublets of W4f could be observed,
it can be assumed that the elemental and oxidized tungsten are
mixed in this layer. The bottom layer, the elemental tungsten
was not reached during our investigation.

With the XPS MultiQuant Program [20] we also had the op-
portunity to calculate the BaO coverage that takes place during
sintering. With the assumption of the purposed layer structure
and using the measured concentration ratios, the BaO coverage
is less than a monolayer (~ 60%). This led us to the conclu-
sion that in the early life of the cathodes the coverage is not ho-
mogenous and we found disagreement with Rittner and Jensen’s
results [4,21]].

In the next part of the investigation we heated the samples up
to 700°C under UHV conditions. In Fig. {4|the XPS concentra-
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tion ratio and work function values are shown as a function of
temperature in case of Ba-Ca-containing emission material.
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Fig. 4. The temperature dependence of Ba in case of Ba-Ca-containing

emission material. The Ba diffusion could be detected at 450°C

After the sintering process the work function is 4,1 eV and
the Ba/W ratio is 0,13. With extensive ion bombardment, we
cleaned the surface of the Ba in order to achieve the slightly ox-
idized tungsten surface. For the further experiments, this surface
was detected. During the heating process of this surface, the Ba
diffused through the hole and it could be detected around 450°C
resulting in a decreasing work function value. For further tem-
perature increase, the Ba/W ration continuously increased and,
in a good agreement with it, the @ decreased.

The same experiment was carried out in case of Ba-Y emis-
sion material; the Ba diffusion started at higher temperature,
600°C. Despite of the minimum Ba amount on the surface
(Ba/W concentration ratio is 0,0031 at 450°C for Ba-Ca emis-
sion material and 0,0060 at 600°C for Ba-Y emission material),
we could observe the decreasing tendency for the work function.

The Ba diffusion results confirm the above statement, that the
W layer is more in the oxidized state in case of Ba-Y emission
material: the Ba diffusion started at higher temperature at Ba-Y
emission material, leaving more time for oxidation of the tung-
sten foil.

4 Conclusion

In this paper the interaction between the emission material
and tungsten surface was revealed, by carrying out experiments
on tungsten foils. Our aim was to model a tungsten cathode tip
surface during lamp operation. Due to the high operating tem-
perature, the investigation of the cathode’s surface has difficul-
ties, but the goal could be achieved by examine tungsten surface
under UHV conditions using XPS and WFS methods.

It was established experimentally that BaO evolves on the W
surface after the high temperature sintering process. The XPS
concentration results implied that the BaO coverage is less than
a monolayer (60%) at each sample. Temperature dependence
of Ba diffusion was also established and compared at two emis-

sion materials that are currently used in the industry. In case of
the Ba-Ca emission material, the Ba diffusion started at 450°C,
while in case of the Ba-Y emission material at 600°C for.

The results of the model experiments led us to the conclusion
that the cathodes have a physisorbed oxide layer on the surface,
and the structure of the tips can be described as follows:
physisorbed oxide, carbon layer on / Ba-O (e.g. BaO)/ (slightly)
oxidized tungsten / elemental tungsten.

Using XPS and WFS methods, the experience established that
the W layer is more in the oxidized state than in case of Ba-Ca
emission material under the BaO layer.
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