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Abstract

The secondary electron yield (SEY) of two different non evaporable getter (NEG)
samples has been measured ‘as received’ and after thermal treatment. The investigated
NEGs are TiZr and TiZrV thin film coatings of 1 Pm thickness, which are sputter
deposited onto copper substrates.

The maximum SEY Gmax of the air exposed TiZr and TiZrV coating decreases
from above 2.0 to below 1.1 during a 2 hour heat treatment at 250 qC and 200 °C,
respectively.

Saturating an activated TiZrV surface under vacuum with the gases typically
present in ultra high vacuum systems increases Gmax by about 0.1.

Changes in elemental surface composition during the applied heat treatments were
monitored by Auger electron spectroscopy (AES). After activation carbon, oxygen
and chlorine were detected on the NEG surfaces. The potential of AES for detecting
the surface modifications which cause the reduction of SE emission during the applied
heat treatments is critically discussed.
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1. INTRODUCTION

The knowledge of secondary electron emission yields of surfaces subjected to particle
bombardment is of great importance for devices whose performance can be hampered by resonant
electron multiplication (multipacting). Multipacting is frequently observed in RF cavities for
particle acceleration1 and it can also occur in particle accelerator vacuum systems, in this case
driven by the electric field of successive bunches of the particle beam2.

NEG thin film coatings are currently being developed at CERN for use in the ultra high
vacuum (UHV) system of the Large Hadron Collider (LHC) 3. These NEG coatings can be
passively activated during a vacuum chamber bake-out. Apart from the required vacuum
characteristics, the NEG coatings for use in particle accelerators should also provide a low SEY
in order to avoid beam induced multipacting. For the internal surfaces of the LHC vacuum system
a critical maximum SEY Gmax of 1.35 is predicted, above which beam induced multipacting can
occur4.

The investigated NEG coatings consist of Ti, Zr and V and the Gmax values of the atomically
clean metals Ti and Zr, found in the literature, are 0.9 and 1.1 respectively5. However, surfaces
which were exposed to air are always covered with contaminating species and as a result the SEY
of technical metal surfaces is generally higher than that of the corresponding pure metals.

The SEY of air exposed metals can be decreased by in-situ cleaning under vacuum, for
instance by a vacuum chamber bake-out. In this article SEY measurements are described which
show the SEY variation of air exposed NEG surfaces during in-situ thermal treatments.

The applied heat treatments (NEG activation) involve the dissolution of the surface oxides
into the bulk of the NEG materials 6. The variations of the elemental surface composition during
this process are monitored by Auger electron spectroscopy (AES).

2. EXPERIMENTAL

Throughout this article all electrons emitted upon primary electron (PE) irradiation,
regardless their origin, are called secondary electrons (SE) and the SEY is defined as the number
of all emitted SE per incident PE. The maximum SEY value in the SEY versus PE energy
spectrum and the corresponding PE energy are referred to as Gmax and Emax, respectively.

2.1. Investigated samples

The investigated samples are TiZr and TiZrV thin film coatings with a thickness of
approximately 1 Pm, which are deposited onto chemically polished copper substrates. The
coatings are deposited by magnetron sputtering at an argon pressure of about 1 Pa. Scanning
electron microscope images of both coatings show that they are smooth on a microscopic scale
and no porosity is observed.

The binary TiZr coating is quasi-equiatomic and the ternary TiZrV coating consists of
30 at.% Ti, 20 at.% Zr, and 50 at.% V (determined by energy dispersive X-ray spectroscopy
(EDS)). For more information about the NEG thin film coatings see reference 3.

After thin film deposition the coating system is vented to ordinary laboratory air and the time
during which the samples remain in air before they are introduced into the experimental vacuum
systems is less than 24 hours. The thin film coatings are not submitted to any chemical cleaning
procedures and hence the SEY and AES measurements of the as-received coatings show the
influence of the air exposure on atomically clean surfaces.
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2.2. Experimental set-up

The SEY measurements are carried out in a dedicated experimental set-up, which is
described elsewhere 7. For the calculation of the SEY values the sample-to-ground current and
the secondary electron current are measured simultaneously by means of two current amplifiers
(Keithley 427), which have an accuracy of r 1 %. For all SEY values reported in this paper we
estimate an error of r 0.03.

The instrument has been designed to allow SEY measurements using low PE doses because the
SEY is very sensitive to electron irradiation 8. The PE current during the SEY measurements is
typically 5�10-9 A, incident normal to the sample surface. The pulse length for a single measurement at
fixed PE energy is 30 ms and the beam area is about 1 mm2. The total electron dose for the
measurements, which are carried out at 60 different PE energies, is about 10-8 C/mm2.

The elemental surface composition as a function of activation temperature is monitored with
a special Auger apparatus, which is described in detail in reference 9. The electron spectrometer is
a single-pass cylindrical mirror analyser (PHI 15-110B, Physical Electronics) with a coaxial
electron gun. The spectra are acquired in the direct EN(E) mode with a relative energy resolution
'E/E of 1.2% (full width at half-maximum). Afterwards the spectra are numerically differentiated
and the peak-to-peak heights are taken as a measure for peak intensity.

Core electrons are excited by a 2.5 keV electron beam with a current of typically 1 PA,
incident normal to the sample surface. The irradiated sample area is estimated as 0.1 mm2 and the
acquisition time for one spectrum is 1 min. Hence, the accumulated PE dose during one Auger
spectrum is in the order of 10-3 C/mm2, which is 5 orders of magnitude higher than the PE dose
accumulated during the SEY measurements. In order to limit the influence of electron beam
damage on the results each AES measurement is carried out on a new sample area, which was not
previously exposed to electron irradiation.

In both experiments the samples are tightly clamped to an OFE copper plate by means of
4 screws in order to keep the sample in good thermal contact with the heatable sample holder. In
the SEY system, heating is done by resistive heating of a tungsten-rhenium wire and in the Auger
electron spectrometer the sample holder is heated by radiation from a filament. In both cases the
sample plate temperature is measured by a thermocouple. The accuracy of the temperature
measurements in the AES and SEY experiment are estimated as r 3qC and r 10 qC, respectively.

The vacuum systems of both instruments are unbaked. The total base pressure before the
surface treatments is approximately 10-7 Pa (N2 equivalent), H2 being the dominant gas species
followed by water vapour (pH2O a 2�10-8 Pa). During sample heating the total pressure in the
experimental vacuum chamber increases up to about 5�10-6 Pa, again with H2 as the main gas
followed by H2O (pH2O a 5�10-7 Pa) and CH4 (pCH4 a 5�10-7 Pa) The maximum partial pressures of
CO and CO2 during sample heating are in the order of 10-7 Pa.

2.3. Experimental procedures

All sample surfaces are analysed in the as-received state (after air exposure) and then after in-
situ heating at 120 qC, 160 qC, 200 qC, 250 qC, 300 °C and 350 qC. The rate of temperature
increase is 10 qC/min.

In the Auger electron spectrometer the heating time during which each temperature is kept
constant is always 1 h whereas before the SEY measurements the temperature is kept constant
during 2 h. SEY measurements of the TiZr coating as a function of the heating time at constant
temperature of 160 °C and 200 °C show that there is no significant difference in the SEY after 1 h
and 2 h heating at these temperatures.
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The SEY and AES measurements are carried out immediately after the end of the heating
cycle when the samples are still hot.

Activated TiZrV samples were exposed to different doses of H2, CO, CO2 and H2O. Before
gas injection the sample is always cooled to less than 60 qC. Exposures are carried out in 5 steps
of 3 L, 30 L, 300 L, 3000 L and 30 000 L (L = langmuir, 1 L = 10-6 Torr s = 1.33 x 10-4 Pa s) and
the resulting changes of the SEY are recorded.

The exposed gas doses are estimated by measuring the N2 equivalent total pressure in the
vacuum system. With a residual gas analyser it can be verified that the injected gas is the dominant
species during the exposure. However, at low injection pressures the residual gas species
contributes up to 20 % of the total injection pressure.

3. RESULTS

3.1. Influence of the heating temperature on the SEY

The SEY variation with increasing heating temperature of the TiZrV alloy is shown in Figure
1. The SEY decreases already strongly after 2 h heating at 160 qC and heating the sample to 200
qC reduces Gmax further to about 1.1. The consecutive 250 qC and 300 qC heat treatments do not
change the SEY significantly.

In order to determine the reproducibility of these measurements the SEY of 3 TiZrV
coatings, which are identical after deposition, have been measured during identical thermal cycles.
After 2 h heating at 200 °C Gmax of the 3 coatings has been determined as 1.09, 1.10 and 1.18 and
after 2 h at 250 °C the corresponding Gmax values are 1.07, 1.09 and 1.13. In all cases Gmax is
obtained at a PE energy of 350 eV.

Figure 2 shows the influence of the same thermal treatments on the SEY of the TiZr NEG
coating. Heating the TiZr NEG coating during 2 h at 250 qC decreases its Gmax to 1.1. After
further 2 h heating at 300 qC Gmax reaches its lowest value close to unity.

3.2 Influence of gas exposures on the SEY of the activated TiZrV NEG

An activated TiZrV sample was exposed to H2O and to the gases typically found in
accelerator UHV systems, i.e. H2, CO, and CO2. CH4 is also commonly observed in UHV systems
but was not investigated, since it is not pumped by NEGs which operate at room temperature and
therefore can not influence their SEY.

Before the gas exposures the TiZrV thin film was activated during 2 h at 300 qC and
afterwards it was cooled to 60 qC within 5 hours in the experimental vacuum system. During this
time the NEG surface already adsorbs residual gas and as a result sticking probabilities for the
injected gases may be influenced by surface contamination.

Figure 3 shows the influence of CO exposures on the SEY of the activated TiZrV sample.
Changes of the SEY are detected after about 300 L. After 3�103 L Gmax is increased by some 0.1
and higher CO doses increase the SEY only slightly. After 3�104 L of CO, the SEY does not
change further with higher doses.

Gas exposures with H2, CO2 and H2O gave similar results, i.e. changes of the SEY can be
detected after about 300 L. After 3000 L Gmax increases by about 0.1 and higher doses have only
little effect on the SEY.
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3.3 Influence of the heating temperature on the elemental surface composition
of TiZr and TiZrV

The variation of the elemental surface composition during the thermal treatments is
monitored by AES. As an example, the derivative Auger electron spectra of the TiZr thin film
coating in the as-received state and after 1 h heating at different temperatures inside the Auger
electron spectrometer are shown in Figure 4.

The Auger electron spectra show distinct variations when the NEG surface becomes
activated. The O-KLL peak intensity decreases, the Zr-MNV line shape is initially characteristic
of Zr in ZrO2 and changes to the shape of metallic Zr, the C-KLL peak shape changes from
graphitic to carbidic and a Cl-LMM peak grows 10. As an example the O-KLL intensity variation
with increasing heating temperature is shown in Figure 5.

From the O-KLL intensity decrease and other typical changes in the Auger spectra it can be
seen that the oxide layer on the TiZrV surface starts to dissolve into the sample bulk at a
temperature between 160 °C and 200 °C and on the TiZr surface similar changes occur between
200 °C and 250 °C.

After activation the O-KLL intensity does not decrease further, possibly because the then
chemically reactive NEG surface adsorbs oxygen containing molecules from the residual gas in
the Auger electron spectrometer.

4. DISCUSSION

4.1. Influence of thermal treatments on the SEY of the air exposed NEG coatings

The SEY of the air exposed TiZr and TiZrV NEG thin film coatings can be reduced to values
close to those of the pure metals by heating the samples to 250 qC and 200 qC, respectively. AES
measurements reveal that after activation at these temperatures under the experimental conditions
the samples are not atomically clean with oxygen and carbon still present on the sample surfaces,
possibly due to continuous residual gas adsorption. In addition chlorine is detected on the
activated NEG surfaces.

Strictly the presented results are only valid if exactly the same vacuum conditions than those
in the SEY experiment are reproduced during NEG activation. However, since all performed gas
exposures increase the SEY of an activated NEG surface one can conclude that if there is a
significant influence of surface contamination by adsorption of residual gas in UHV a higher
degree of contamination generally causes a higher SEY. For the prediction of multipacting it is
therefore safe to use the presented data, provided that the degree of surface contamination is not
higher than during the heating cycles described in this paper.

For a similar decrease of their SEY, typical metals for the construction of particle accelerator
vacuum systems (stainless steel, copper, aluminium) require much higher heating temperatures
than the investigated NEG coatings. As an example, the SEY of a technical copper surface only
decreases from 2.5 to 1.9 during a 24 h bake-out at 200 °C, which is the maximum temperature to
which a copper vacuum chamber can be heated 7.

The measurements described in this article show the SEY variation during the first NEG
activation after film deposition and the subsequent air exposure. SEY measurements of a TiZrV
thin film coating, which were carried out after several activation/air venting cycles, show that the
heating temperature which is required to reduce the SEY to a certain value increases with the
number of air exposures of the activated NEG sample.
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4.2 Influence of gas exposures on the SEY of activated NEG samples

Saturating the activated TiZrV sample with various gases under vacuum conditions increases
the SEY but does not have the dramatic effect of an air exposure. As long as the initially activated
TiZrV sample is not exposed to air, Gmax never exceeds 1.3, regardless of the kind of gas (H2, CO,
CO2, and H2O) to which the sample is exposed.

After 30 000 L gas exposure one can expect the activated TiZrV surface to be saturated with
the injected gases. Only in the case of hydrogen the surface is not saturated because hydrogen
diffuses into the NEG bulk even at room temperature.

The different influence of air exposures at atmospheric pressure and controlled gas exposures
on the SEY of metals can be explained by the fact that an air exposure of atomically clean metals
results in the formation of a surface film which is typically a few nm thick, whereas the uptake of
the residual gas species in UHV systems at room temperature virtually stops after the adsorption
of 1 monolayer. It is has been shown by Bruining 5 and others that secondary electron emission of
metals is much less affected by submonolayer adsorption and small work function changes than
other electron emission processes such as field emission, thermionic emission or photoemission
induced by visible light.

4.3 Usefulness of AES for the detection of the surface properties which determine the SEY

The AES data presented shows that the TiZrV thin film activates at a lower temperature than
the TiZr thin film and, accordingly, the SEY of the TiZrV sample can be decreased to a certain
value at a lower temperature than that of the TiZr sample.

However, on both samples an important Gmax decrease from above 2 to below 1.4 already
occurs at a temperature at which no significant changes are observed in the corresponding Auger
spectra. For the present study it is therefore of interest to consider whether AES can reveal the
surface modifications which cause the SEY decrease of the investigated metal surfaces during the
applied heat treatments.

Since AES and SEY measurements are similarly surface sensitive (the average escape depth
of SE in metals is approximately 3 - 5 nm 11) one might expect that AES investigations are well
suited for this purpose. There are, nevertheless, several important limitations of AES, which are
discussed below.

Modifications of the chemical bonds on the surface are in most cases not detectable by the
described AES measurements. Hence, the main information gained from the AES data are the
Auger peak intensities, which are somehow related to the abundance of the corresponding
elements in the probed sample volume. The measured O-KLL peak intensity, as an example, does
not represent the oxygen concentration in the oxide but it is an average over the analysed sample
depth, which is weighted by a function of the attenuation length. The averaging function changes
with the surface composition during the heat treatments, because the attenuation length is material
dependent. Taking also into account an estimated accuracy of r 5 % for the presented peak
intensity measurements it is clear that the diffusion of small quantities of oxygen and other species
into the metal bulk cannot be detected by AES measurements.

Small changes in the oxygen vacancy concentration in the surface oxide layer may, however,
result in significant changes of its electronic structure. The electronic structure has a major
influence on the mean escape depth of SE and as a consequence on the SEY.

A further problem of AES in the context with SE emission phenomena is the electron
induced surface damage during the AES measurements. Electron induced surface damage is
clearly illustrated by its strong effect on the SEY and it is the reason why the SEY measurements
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are carried out in a dedicated experimental set-up and not in the Auger electron spectrometer.
SEY measurements as a function of the incident electron dose show that the SEY of technical
metal surfaces is already significantly decreased after an exposure to 10-5 C/mm2 of 500 eV
electrons. After 10-3 C/mm2 the maximum SEY, of for example a technical copper surface, is
drastically changed from an initial value of 2.4 to about 1.112.  The surface properties which
determine the SEY are hence drastically changed during Auger measurements since the electron
dose accumulated during one of the described AES measurements is about 10-3 C/mm2. AES
cannot therefore yield information about as-received (air exposed) metal surfaces because it will
always analyse a modified surface, which has a much lower SEY than the air exposed metal
surface before electron irradiation.

An intrinsic limitation of AES is that this technique cannot detect hydrogen. A variation of
the surface hydrogen content may however be important for changes of the SEY, e.g. if the
relevant surface variations would involve hydroxides or adsorbed hydrocarbons.

5. CONCLUSION

The SEY of the investigated NEG materials can be strongly decreased by heat treatments at
rather low temperatures. The lower the activation temperature of a NEG material the lower is the
heating temperature which is required to decrease the SEY to values close to those of the
atomically clean NEG metals.

Saturating an activated NEG under vacuum with the gases typically found in accelerator
UHV systems affects the SEY much less than an air exposure.

Despite the similar surface sensitivity of AES and SEY measurements, AES cannot
unambiguously identify the surface modifications causing the SEY decrease during the thermal
treatment of the NEG coatings. This is because of the severe PE induced surface damage, the
uncertainties related to the Auger peak intensity measurement and interpretation, a lack of
chemical information from AES data and possibly because of the inability of AES to detect
hydrogen.
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Figure 1: SEY versus PE energy of the TiZrV NEG coating; as received (A.r.) and after 2 h heating at 120
qC, 160 qC, 200 qC, 250 qC, 300 qC.
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Figure 2: SEY versus PE energy of the TiZr NEG coating; as received (A.r.) and after 2 h heating at
160 qC, 200 qC, 250 qC, 300 qC.
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Figure 3: Influence of CO exposure on the SEY of a TiZrV coating which was activated during 2 h at
300 °C and cooled to 60 °C before the CO exposure.
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Figure 4: Derivative dEN(E)/dE Auger electron spectra of a TiZr thin film coating as-received and after
various thermal treatments. Prior to differentiation the spectra are normalised to the background signal at
600 eV in the direct EN(E) spectra. The TiZr thin film activation is indicated by a decrease of the O-KLL
intensity, by Zr-MNV and C-KLL line shape changes and by the appearance of a Cl-LMM peak.
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Figure 5: Influence of 1 h in-situ heating at different temperatures on the oxygen Auger electron intensity
(peak-to-peak height) emitted from a TiZr and TiZrV NEG thin film. Prior to differentiation all Auger
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