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a  b  s  t  r  a  c  t

Thermal  certification  campaigns  in the  temperature  ranges  of  −50 ◦C  to  +85 ◦C and  −70 ◦C to +130 ◦C on
charge  state  conversion  surfaces  (aluminum-oxide  coatings  on  a  silicon  wafer  substrate)  were performed.
Such surfaces  are  often  used  in neutral  particle  sensing  instruments  in space  science  where  neutral  atoms
must be ionized  prior  to  their  analysis.  Ion  scattering  and atomic  force  microscope  (AFM)  instruments
were  used  to  characterize  the  surface  properties,  e.g.,  surface  roughness,  angular  scattering  distribution
and negative  ionization  efficiency  of  charge  state  conversion  surfaces  before  and  after  thermal  certifi-
cation  campaigns.  No significant  changes  in  surface  roughness  were  found  in  AFM  images  whereas  ion
scattering  measurements  revealed  a significant  increase  of  the  angular  scattering  distribution  of up  to
21% after  thermal  campaign  in  the  expanded  temperature  range  of  −70 ◦C to +130 ◦C. The present  study
shows  clearly  that  ion  scattering  measurements  are  sensitive  enough  to  measure  surface  changes  on
atomic and  sub  atomic  level  whereas  at this  level  the  AFM  instrument  finds  its  limits.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The interaction of atomic and molecular particles with charge
state conversion surfaces has been researched extensively in recent
years. Several types of conversion surfaces have been tested with
regard to their scattering properties, their ability to convert neu-
tral particles into ions (ionization efficiency) and their long-term
stability, i.e., surface charging and damage [1–21]. Initial reports of
relatively high ionization efficiencies of coated metal surfaces, e.g.,
Cesium on W(110) [11] or Barium on W(110) [12], made this tech-
nique attractive for space science and other applications. Further
research showed that insulating surfaces suggested possibilities for
several new applications because of their better long-term stabil-
ity and ease of operation [1–10,13,14]. Among these applications,
we use this ionization process in instruments on spacecraft for
efficient detection of energetic neutral atoms originating in inter-
planetary or interstellar space in the energy range of 10 eV–2 keV
[13,15,22]. This detection technique has already been success-
fully employed in several satellite missions, such as in the IMAGE
(Imager for Magnetopause-to-Aurora Global Exploration) and the
more recent IBEX (Interstellar Boundary EXplorer) satellite mission
[9,10,23–25].

∗ Corresponding author. Tel.: +41 316314449; fax: +41 316314405.
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Natural diamond [15,16],  diamond-like carbon (DLC) [14], MgO
[13], BaZrO3 [17], AlN [21] or LiF [8] conversion surfaces are only
few examples of tested insulating surfaces, whereas natural dia-
mond is currently the best candidate acting as conversion surface
in neutral particle sensing instrumentation in space [10]. However,
not only their surface properties are important factors but also
their availability and price are crucial for an application in space
science. Including these aspects, recent investigations have shown
that DLC surfaces are good candidates to work as conversion surface
in future space missions [10], which are used already in the IBEX-Lo
instrument [26] on the IBEX mission [25]. Getting DLC coated sur-
faces in the required quality is, however, still difficult despite their
widespread use in many other applications. Recent measurements
have shown that Al2O3 coatings on silicon substrate charge state
conversion surfaces are a possible alternative [18,19], and will be
used in the BepiColombo space mission to Mercury, scheduled for
launch in 2014. Silicon wafers are chosen because they are read-
ily available and can be produced in large amounts with very low
surface roughness. Silicon surfaces alone, without any coatings are
due to their very low ionization efficiency of only some percent’s
for oxygen atoms with ion energies of few 100eV’s not candidates
for conversion surfaces [20].

The characterization of surface properties, e.g., surface rough-
ness, surface charging, angular scattering distribution and the
ability to convert neutral atoms to negatively charged ions (ion-
ization efficiency), of charge state conversion surfaces is the most
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important task to verify if a surface is suitable as conversion surface
or not.

Electrical charging of the conversion surface can be by the pri-
mary ion beam (if applicable), by release of secondary electron
emission by the incoming particle beam, and by photoelectron
emission. Conversion surfaces with charging effects are not suitable
candidates for neutral particle sensing instruments. The electric
field of an electrically charged conversion surface can deflect out-
going ion trajectories and causing lower performance of the ion
detection system, e.g., lower ion transmission and higher angular
scattering distribution [18,19]. High ionization efficiencies and a
low spread of angular scattering, which is correlated to low sur-
face roughness [10,18,19],  are the other two crucial parameters
for a successful charge state conversion surface in a space instru-
ment. The latter is important because a low spread of scattering
angles minimizes scattered particle loss in downstream ion-optical
analyzer systems and improves the imaging capabilities of the
instrument. However, since the development of scanning tunnel-
ing microscopes (STM) and atomic force microscopes (AFM) in the
1980s, ion scattering measurements are used fewer and fewer to
quantify surface properties even though ion scattering instruments
are powerful tools that can directly provide angular scattering dis-
tributions and ionization efficiencies [27].

In this report thermal certification campaigns in the tem-
perature ranges of −50 ◦C to +85 ◦C and −70 ◦C to +130 ◦C on
aluminum-oxide on silicon substrate charge state conversion sur-
faces were performed. The conversion surfaces were characterized,
regarding surface roughness, ionization efficiency and angular scat-
tering, before and after thermal certification campaigns using an
AFM and the Imager for Low Energetic Neutral Atoms (ILENA) ion
scattering instrument. The certification campaigns are necessary
to assure that these conversion surfaces operate in the expected
thermal environment during the BepiColombo mission.

Scattering measurements were done at moderate vacuum
conditions, i.e., in the low 10−7 mbar range, which mirrors the con-
ditions within a typical particle sensing instrument on a satellite
shortly after launch [28–30].  Molecular oxygen and atomic neon
ion beams in the ion energy range of 390 eV up to 1000 eV were
used to investigate the surfaces. At ion energies of up to 1000 eV
the incidence ion dose on the sample can be estimated to about 107

ions/cm2 s, corresponding to an ion current in the low pA range. A
monolayer on a surface contains about 1015 atoms/cm2. Therefore,
no surface damage due to the incoming beam is expected. The pen-
etration depth of the ions at these conditions, e.g., low ion energy
and shallow incidence of the ions relative to the surface of 8◦, is
estimated to be three monolayers at maximum [31].

2. Experiment

The surfaces investigated were amorphous aluminum-oxide
(Al2O3) coatings of 25 nm thickness on silicon single crystal
substrate charge state conversion surfaces (Thin Film Physics,
Switzerland). The silicon single-crystal substrates (randomly ori-
entated, doping level as low as possible) were cleaned in different
ultrasonic baths and finally plasma cleaned prior the deposition
of the coating. The coatings were produced at a coating tempera-
ture of 100 ◦C, under high vacuum conditions and using the plasma
vapor deposition method. Thin coatings on silicon substrates were
chosen because previous performance studies on aluminum-oxide
single crystals showed surface charging effects whereas thin alu-
mina films on silicon substrates did not [18,19]. If a low charge
effect is still present the influences on the ion beam are below
the detection sensitivity of the instrument. The thinnest coating,
of 25 nm thickness, showed the best performance for our applica-
tion [19]. The conversion surfaces discussed in this study will be

Fig. 1. Top panel: Actual measurement of the temperature during the thermal cycles
in  the temperature range of −50 ◦C to +85 ◦C. Bottom panel: Vacuum pressure during
the  thermal cycles. The first strong peak corresponds to the first heating cycle and
is  correlated mainly to residual water desorbed from the surface, which outgases
more efficiently at increased temperatures.

used in the Energetic Neutral Atoms (ENA) instrument on board
the space mission BepiColombo for the detailed investigation of
the planet Mercury. More information on the conversion surfaces
and the BepiColombo mission can be found in [18,19,30,32,33].

Two thermal certification campaigns with different temper-
ature ranges were performed based on the expected thermal
environment during the BepiColombo mission. The first campaign
was  conducted for the nominal temperature range of −50 ◦C to
+85 ◦C (i.e., over a temperature range of �T = 135 ◦C) of the ENA
instrument and the second campaign for an expanded tempera-
ture range of −70 ◦C to +130 ◦C (�T = 200 ◦C). In each campaign 10
thermal cycles in the given temperature ranges were performed
(see Figs. 1 and 2). The temperature cycles were performed in vac-
uum, in the MEFISTO facility [34,35],  of the Physics Institute, on
a heating/cooling plate. The base pressure in the MEFISTO cham-
ber was  herby in the mid  10−7 mbar range to assure to have no
temperature exchange via convection (see Figs. 1 and 2). In both
campaigns new and identical charge state conversion surfaces were
used. Each surface was investigated, regarding surface roughness,

Fig. 2. Top panel: Actual measurement of the temperature during the thermal cycles
in  the temperature range of −70 ◦C to +130 ◦C. Bottom panel: Vacuum pressure dur-
ing the thermal cycles. The first strong peak corresponds to the first heating cycle
and is correlated mainly to residual water desorbed from the surface, which outgases
more efficiently at increased temperatures.
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ionization efficiency and angular scattering, before and after the
thermal campaigns using ion scattering and AFM measurements.

Surface scattering measurements were done with the Imager
for low energetic neutral atoms (ILENA), of the Physics Institute,
and an AFM, Institute of Applied Physics. Further details on the
experimental setups and measurement procedure can be found in
the next two subsections.

2.1. AFM

Measurements on surface roughness were done using an AFM
(Bioscope II, Veeco, Germany) before and after the thermal certifi-
cation campaigns. Sharp Nitride Lever probes with nominal spring
constant of 0.12 N/m and nominal tip radius of 2 nm were used for
this study. All measurements were made in contact mode with a
contact force of about 11 nN on different positions on each charge
state conversion surface at ambient pressure and temperature. No
additional liquids were used for the AFM measurements. In each
measurement an area of 1 × 1 �m was investigated, with a spatial
resolution of 2048 × 2048 pixels. The quoted measurement uncer-
tainty of the surface roughness is 1.0 Å RMS, given by instrument
specifications (bioscope ii manual-g (004-991-000).pdf, p. 51), only
if all acoustic and vibration specifications are fulfilled.

To verify the proper function of the AFM a DLC conversion sur-
face (tetrahedral amorphous-carbon (ta-C) films on silicon single
crystal substrates) with a known surface roughness was used. The
surface roughness of the DLC conversion surface was  given from the
manufacturer and is max. 4.5 Å RMS, the measurement uncertainty
is unknown. With the AFM instrument we measured on 5 different
surface locations a mean surface roughness of (3.3 ± 1.0) Å, which
is slightly lower than the surface roughness given from the manu-
facturer. Detailed information about this conversion surface can be
found in [10,30].

2.2. ILENA – Imager for low energetic neutral atoms

Particle scattering measurements were made with the imager
for low energetic neutral atoms (ILENA) apparatus at the Space
Research and Planetary Sciences division, University of Bern,
Switzerland. Fig. 3 displays an overview of the ILENA experimental
setup. The energy range of incident particles, e.g., Ne and molecu-
lar oxygen O2, chosen for these measurements was 390–1000 eV.
For all measurements the angle of incidence was 8◦ with respect
to the surface normal. The full angular scattering distribution was
recorded by rotating the imaging detector to the optimal position
of the scattered peak. The experimental setup is described in brief
below; further in details are given in [15,21,36].

Fig. 3. Schematic overview of the ILENA experiment.

The ILENA apparatus consists of an ion source, a magnetic ion
separator providing a mass resolution of m/�m ≈ 45, an ion beam
guiding system, a sample stage with housing and a detection unit.
All these units are contained in a single vacuum chamber pumped
by an ion getter pump. The reflected beam is recorded using a two-
dimensional position-sensitive MCP  detector with a viewing angle
of ±12.5◦ in both, azimuthal and polar directions.

After passing the pinhole the ion beam has a beam diameter of
1 mm.  Hence, ion scattering measurements represents an averaged
measurement over a conversion surface area of about 0.8 mm2. A
typical measurement of the angular scatter distribution is shown
in Fig. 4. The direction of angular deviation from specular scatter-
ing that resides in a plane containing the incoming trajectory and
normal to the surface is defined as polar scattering. The direction
of specular scattering normal to the polar angle plane is defined as
azimuthal scattering, with zero indicating a true specular reflection
(see Fig. 4). The angular scattering in polar and azimuthal direction
can be measured with the measurement uncertainties of ±0.5 and
±1.0 degrees, respectively.

A retarding potential analyzer (RPA) consisting of three grids is
mounted in front of the MCP  detector. The detector unit, including
the RPA, is shielded electrostatically and can be rotated indepen-
dently from the converter surface around the same axis. The outer
grids of the RPA are grounded to shield the inner grid, which can be
biased to suppress ions. An additional grid in front of the MCP  detec-
tor at negative potential with respect to the MCP detector serves
to reject secondary electrons originating from the preceding grids

Fig. 4. Left: Contour plot of the angular scattering distribution of a 390 eV O2
+ ion beam scattered on the Al2O3/Si charge state conversion surface before thermal cycles were

performed. The bold line indicates the 50% level (FWHM) of the detected peak. Right: Same data displayed in three dimensions.
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Fig. 5. Typical AFM images before (left) and after (right) the thermal certification campaign in the temperature range of −50 ◦C to +85 ◦C on the Al2O3/Si charge state
conversion surfaces. No significant increase of the surface roughness due to the thermal stress was measured.

and the conversion surface. The MCP  detector may  be floated at a
high negative voltage to vary the transmission threshold for neg-
ative particles. After baking out the vacuum chamber at +80 ◦C for
several hours, a residual gas pressure in the mid  10−8 mbar range
is achieved. During operation the pressure may  rise into the low
10−7 mbar range as a result of test gas, Ne and O2, leaking into the
ion source chamber.

The fraction of negative ions was determined by taking mea-
surements with and without an applied floating voltage on the MCP
detector. In the first case, only neutral particles were recorded, in
the latter case neutral particles and negative ions were recorded
simultaneously. The difference gives the fraction of negative ions.
Each data-point results from a series of successive measurements,
which allows the registration of ion beam drifts and possible surface
charging during each measurement series. With the MCP  detector
it was not possible to distinguish between scattered and nega-
tively ionized primary oxygen particles and sputtered negative ions
from the conversion surface. Therefore, neon without the ability to
form negative ions and with a comparable mass to oxygen was
taken as a proxy to assess the background of sputtered negative
ions for the evaluation of the negative ionization yield of molec-

ular oxygen. The sputtered fractions were finally subtracted from
the negative ionization yields of oxygen. Oxygen and neon were
chosen because they allow for a sensitive and reliable measure-
ment of deteriorating effects, e.g., ionization efficiency and angular
scattering, on the conversion surface. The detection efficiency of
the MCP  is taken from [37,38] where an identical detector was
used.

3. Results

3.1. AFM measurements

Fig. 5 shows typical AFM images taken before and after the
thermal campaign in the temperature range of −50 ◦C to +85 ◦C.
Within the estimated measurement uncertainties of ±1.0 Å no sig-
nificant changes in surface roughness due to the thermal stress
were measured. The mean surface roughness measured before
and after the thermal cycles was RRMS,before = (3.4 ± 1.0) Å and
RRMS,after = (3.4 ± 1.0) Å. All measurements are listed in Table 1. Fur-
thermore, no significant increase in surface roughness before and
after the second, the expanded thermal range campaign (i.e., in the

Fig. 6. Typical AFM images before (left) and after (right) the thermal certification campaign in the temperature range of −70 ◦C to +130 ◦C on the Al2O3/Si charge state
conversion surfaces. No significant increase of the surface roughness due to the thermal stress was measured.
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Table  1
Surface roughness measured with the AFM before (left column) and after (right col-
umn) thermal certification campaign in the temperature range of −50 ◦C to +85 ◦C.
Measurements were performed at three locations on the surface.

Rb1 = (3.3 ± 1.0) Å Ra1 = (3.4 ± 1.0) Å
Rb2 = (3.4 ± 1.0) Å Ra2 = (3.2 ± 1.0) Å
Rb3 = (3.4 ± 1.0) Å Ra3 = (3.5 ± 1.0) Å
Rb,mean = (3.4 ± 1.0) Å Ra,mean = (3.4 ± 1.0) Å

temperature range of −70 ◦C to +130 ◦C, see Fig. 6), was observed.
The measured roughness before and after the thermal cycles was
found to be RRMS,before = (2.7 ± 1.0) Å and RRMS,after = (3.1 ± 1.0) Å,
respectively. These measurements are listed in Table 2.

3.2. Ion scattering measurements

Fig. 7 shows the ion scattering measurement results before and
after the first thermal certification campaign in the temperature
range of −50 ◦C to +85 ◦C. Within the measurement uncertainties
no significant changes in negative ionization efficiency nor in the
angular scattering distribution, polar and azimuthal, were found.

Fig. 8 shows the measurements before and after the ther-
mal  cycles for the enlarged temperature range of −70 ◦C to
+130 ◦C. Again, within the measurement uncertainties no signifi-
cant changes in the ionization efficiency were found. However, and
in contrast to the measurement results of the first thermal cam-
paign, significant changes in both the polar and azimuthal angular
scattering directions were found. Changes in angular scattering in
polar direction of up to 17% and 21% were found for neon and molec-
ular oxygen ions, respectively, at the highest ion energy of 1000 eV.
Even for the lowest ion energy of 390 eV changes in angular scatter-
ing in polar direction of molecular oxygen and neon were observed.
In azimuthal direction changes of up to 15% and 19% for neon and
molecular oxygen ions, respectively, at ion energy 1000 eV were
measured.

4. Discussion

Regarding the thermal certification campaign in the lower
temperature range of −50 ◦C to +85 ◦C, no differences in surface
properties, e.g., surface roughness, ionization efficiency and angu-
lar scattering distribution, before and after the thermal campaign
using AFM and ion scattering measurements were found (see
Figs. 5 and 7, Table 1). Both, the ion scattering experiment and
AFM images give the same measurement result, i.e., no change
in surface properties. This is, however, different in the expanded
thermal certification campaign in the temperature range of −70 ◦C
to +130 ◦C (see Figs. 6 and 8, Table 2). Ion scattering measurements
clearly revealed a significant increase of angular scattering of up to
21% (O2 at 1000 eV in polar direction), i.e., an increase in the aver-
age surface roughness on atomic level. Similar findings concerning
increased angular scattering distribution with increased surface
roughness are reported in [10,18,19,39] where different conversion
surface, i.e., DLC (Sandia National Laboratories, USA), amorphous

Table 2
Surface roughness measured with AFM before (left column) and after (right column)
thermal certification campaign in the temperature range of −70 ◦C to +135 ◦C. Three
measurements on different surface locations were done before thermal campaign.
Because previous measurements showed high measurement reproducibility, only
two instead of three measurements on different surface locations after the campaign
were performed.

Rb1 = (2.8 ± 1.0) Å Ra1 = (3.2 ± 1.0) Å
Rb2 = (2.7 ± 1.0) Å Ra2 = (3.0 ± 1.0) Å
Rb3 = (2.7 ± 1.0) Å
Rb,mean = (2.7 ± 1.0) Å Ra,mean = (3.1 ± 1.0) Å

Fig. 7. Ion scattering measurements done before and after the first thermal certi-
fication campaign in the temperature range of −50 ◦C to +85 ◦C are displayed. Top
panel: Negative ionization yield. Middle and bottom panel: Angular scattering dis-
tribution in polar and azimuthal direction. No significant changes were found in the
ionization yield and angular scattering measured before and after the thermal cycle.
The lines are linear regressions of the measurements done before the thermal cycles
and  are given to guide the eye.

carbon, Al2O3 conversion surfaces etc., with different surface
roughness were investigated. A detailed discussion on ion particle-
surface interactions, theoretical models and simulations can be
found in the reports [7,39].  However, in contrast to the scattering
measurements, the AFM images showed no increase of surface
roughness within the estimated measurement uncertainties.

Changes in surface properties, e.g., angular scattering distri-
bution, in the expanded temperature range of −70 ◦C to +130 ◦C
were measured (see Fig. 8). The silicon single crystal substrate
of the charge state conversion surface was coated with Al2O3
(25 nm)  at a coating temperature of 100 ◦C. Thus, the thermal cer-
tification campaign in the temperature range of −50 ◦C to +85 ◦C
(�T = 135 ◦C) does not exceed the coating temperature of 100 ◦C.
This is different in the expanded temperature campaign. The ther-
mal  certification campaign in the temperature range of −70 ◦C to
+130 ◦C (�T = 200 ◦C) exceeded the coating temperature by 30 ◦C.
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Fig. 8. Ion scattering measurement done before and after the first thermal cer-
tification campaign in the temperature range of −70 ◦C to +130 ◦C are displayed.
Top panel: Negative ionization yield, where no significant changes were measured
within the measurement uncertainties. Middle and bottom panel: Angular scat-
tering distribution in polar and azimuthal direction. Significant changes at higher
ion energies, e.g. 780 eV and 1000 eV, are clearly visible. Changes of up to 21% for
molecular oxygen ions at ion energy of 1000 eV in polar direction were measured.
Full and dashed lines are linear regressions of the measurements done before, after
respectively the thermal cycles and are given to guide the eye.

Apparently, temperatures exceeding the coating temperature of
100 ◦C can cause a degradation of the charge state conversions
surface and hence changes in surface properties, e.g., surface rough-
ness, etc.

A general trend of increasing angular scattering with increas-
ing incident energy was measured (Figs. 7 and 8). This trend can
be understood because higher particle energies probe the surface
potential at deeper levels where the corrugation of the surface
potential is larger, resulting in a larger angular scattering dis-
tribution. In Figs. 7 and 8 increasing ionization efficiencies with
increasing energy of the incident ions can be seen. Similar find-
ings have been reported for other insulating surfaces like LiF [8],
MgO  [13] and BaZrO3 [17], and we agree with the interpretation
that higher energies cause smaller distances of closest approach
between scattered ions and surface atoms, which results in higher

probabilities for the charge exchange processes and thus yield
higher fractions of negative ions.

It still has to be explained how charge exchange happens when
particles scatter off an insulating surface. According to [40] and
[41], the width of the band gap of Al2O3is about 9 eV. The nega-
tive electron affinity level of O is 1.46 eV below the vacuum level.
The valence band is filled and there is no electron mobility in an
insulator. So, one should not expect that charge exchange would
be possible. But it has been found that for ionic crystals such as,
for instance, LiF, charge exchange proceeds via capture of elec-
trons from the anionic sites of the surface in a binary ion–atom
interaction [42–44].  Once the negative ion is formed it cannot be
neutralized by resonant electron loss to the solid, as in the case
of metals, because of the band gap of the ionic crystal. It is safe
to expect a similar behavior here. In addition, the probability for a
particle to be negatively charged increases with increasing effective
number of collisions, and thus at grazing incidence angles.

5. Conclusion

Thermal certification campaigns in the temperature ranges of
−50 ◦C to +85 ◦C and −70 ◦C to +130 ◦C on charge state conversion
surfaces were done. AFM at ambient pressure and ion scattering
measurements were used to characterize surface properties, e.g.,
surface roughness, ionization efficiency and angular scattering dis-
tribution, before and after each thermal campaign. No significant
changes in surface properties were found in AFM and ion scatter-
ing measurements after the thermal campaign in the temperature
range of −50 ◦C to +85 ◦C. In the expanded temperature range
of −70 ◦C to +130 ◦C ion scattering measurement showed clearly
changes on atomic and sub atomic level as a result of a significant
increase in angular scattering, whereas AFM images showed no sig-
nificant changes in surface roughness. We  can conclude that ion
scattering experiments are a powerful tool to characterize surface
properties, e.g., ionization efficiency and angular scattering distri-
bution, which depends on surface roughness. Because ions are used
to probe the surface, ion scattering instruments measure changes
on atomic and sub atomic level and can be regarded as a comparable
and alternative tool to AFM for this kind of investigations.
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