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Abstract.

Recent successful experiments with nitrogen as a seeding gas in fusion plasma
devices, together with the decision to use beryllium as an armor material in the
international fusion experiment ITER, have triggered the interest in interactions
of energetic N ions with Be and the influence of possible compound formation
on parameters relevant to reactor operation and safety. Laboratory experiments
are performed to investigate the properties of the ’mixed material’ formed upon
bombardment of bulk Be with energetic (keV) nitrogen ions. The formation of
beryllium nitride within the implantation zone of a few nm is observed by X-
ray photoelectron spectroscopy and Rutherford backscattering spectrometry. Upon
implantation of N at 1.5 keV per atom, saturation of the Be surface with N occurs at a
fluence of 2 x 10'® N cm™~2 and a retained areal density of approx. 4 x 106 N ecm—2.
The nitride undergoes an ordering process upon annealing, but does not decompose at
temperatures up to 1000 K. The influence of such nitride layers on the retention and
the release of D implanted with different fluences is investigated by nuclear reaction
analysis and temperature-programmed desorption. The nitride layer does not act as
a diffusion barrier for out-diffusing hydrogen isotopes. A partial sputter yield of 0.013
N/D as a lower limit is measured upon bombardment of the nitride layer with D at
2 keV. These erosion measurements are influenced by the strong tendency of the nitride

to oxidize.

PACS numbers: 28.52.Fa,79.20.Rf,82.65.41r,82.80.Pv,82.80.Yc
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1. Introduction

Beryllium is planned as a plasma-facing material for the international nuclear fusion
experiment ITER [1]. Most of the inner wall of the plasma vessel of this facility will be
covered by metallic Be [2]. In the nuclear phase of the experiment the plasma will consist
mainly of deuterium and tritium. The Be surface is thus subjected to intense fluxes of
these hydrogen isotopes escaping from the magnetically confined plasma. Simultaneous
to erosion, hydrogen is implanted and retained in the plasma-facing material. The
radioactive isotope tritium poses a safety issue: An in-vessel tritium inventory of 700 g
has been defined as the maximum acceptable level for ITER. Therefore, the fraction
of hydrogen atoms retained upon implantation into Be as well as the temperature
dependence of the release is of great concern and has been the subject of numerous
investigations [3, 4].

Seeding of impurities to the plasma has been used for various purposes in many
tokamak experiments, among others in TEXTOR [5], ASDEX Upgrade [6] and JET
[7, 8. In ASDEX Upgrade it became a necessity for high power discharges after
installation of the full metal wall. The elimination of carbon as an effective divertor
and edge plasma radiator made radiative cooling by impurity seeding mandatory in
order to reduce the power flux onto the divertor and limiter tiles. Puffing of nitrogen
gas through nozzles in the divertor roof baffle reduces the divertor temperature and
power flux as well as the ELM size. In addition, in ASDEX Upgrade also the energy
confinement was improved [6]. The need for extrinsic radiating species is expected also
for JET after installation of the ITER-like wall in 2011 [9, 10].

When nitrogen is introduced into a fusion plasma device, it will partly be
transported into the main chamber and implanted or codeposited onto the main wall.

Due to the kinetic energy of the particles from the plasma, the formation of surface
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compounds between the wall materials and nitrogen (so-called 'mixed materials’) is
expected even for low surface temperatures at which solid state chemical reactions
are not observed [11]. These compound surface layers will influence the physical and
chemical properties of the first wall materials significantly. Issues of concern are the
alteration of melting points and sputtering yields, chemical erosion by formation of
volatile species, formation of insulating layers that might induce arcing, alteration of
the retention behavior for hydrogen isotopes, storage and release of large amounts of
nitrogen leading to problems in density control, etc. Therefore, the formation and
stability range of N-containing compounds is of significant importance to the operation
of a fusion device when Nj is used as a seeding gas. Concerns about the use of nitrogen
with a tungsten first wall have been addressed in dedicated laboratory experiments [12].
Similar concerns arise for the use of nitrogen with a Be first wall in the main chamber.

For the application of Ny seeding in Be-clad fusion devices, the parameters
for compound formation triggered by kinetic nitrogen particles are of importance.
Furthermore, the influence of D implantation on compound formation and dissociation,
as well as the compound influence on the D inventory are important. In this work the
formation of mixed Be,N, layers by kinetic (keV range) nitrogen is investigated and
their behavior upon annealing as well as upon D irradiation is studied. The exposure
of Be to a N-containing plasma is simulated by controlled implantation of N ions into
polycrystalline Be at room temperature (RT, approx. 300 K). It is shown that beryllium
nitride layers are formed. These layers are stable up to annealing temperatures of 1000 K
and no decomposition or diffusion of N into the Be bulk is observed. The presence
of nitrogen changes the release behavior of D, both after RT implantation and after
annealing, while the retained fraction of the implanted D is not significantly altered at

high D fluences. To our knowledge no such experiments have hitherto been reported in
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the literature.
After a description of experimental details in section 2 the subsequent sections deal

with the following topics:

e Formation of a chemical compound upon implantation of N into polycrystalline Be,

as characterized by X-ray photoelectron spectroscopy (XPS)

e Thickness and stoichiometry of the mixed Be,N, layers, as deduced from XPS as

well as from Rutherford backscattering spectrometry (RBS)

e Behaviour of the nitrogen-rich layers upon annealing to 1000 K

e D retention in the nitrogen-rich layers studied by nuclear reaction analysis (NRA)

e Release temperatures for D observed during temperature-programmed desorption
(TPD)

e Chemical shifts in the XPS spectra upon D implantation and possible formation of
beryllium amide

e Erosion of the surface compound layers by 2 keV D

e Oxidation of the nitride

Properties of beryllium nitride

At room temperature a stable beryllium nitride phase (cubic a-BesNy) is described in
the binary bulk phase diagrams [13]. At normal pressure this compound undergoes a
phase transition into the hexagonal modification F—BesNs around 1700 to 1800 K. The
standard Gibbs free energy AGY of formation of a-BesNy is 5.52 eV [14]. This value is
very close to AG? for beryllium oxide (6.00 eV), which readily forms upon exposure of
metallic Be to molecular or atomic oxygen [15].

Formation of beryllium nitride after exposure of Be to air is not observed. This

is attributed to the very high activation barrier of approx. 1.6 eV for the rate limiting
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process in nitride formation on Be [16] as well as to the energetically slightly favored
oxide that is readily formed as a thin layer and prevents nitride formation. It has
been shown that a thick oxide layer effectively suppresses the nitride formation on Be.
However, beryllium nitride is formed upon heating Be in an Ny atmosphere [16].

Soto et al. [17] have grown beryllium nitride thin films by laser ablation of Be
in an N, atmosphere. They reported a maximum N concentration in the ablated
layers corresponding to the BesgN, stoichiometry. The Be 1s photoelectron binding
energy in the nitride deposited at room temperature is 114.0 eV as measured by X-ray
photoelectron spectroscopy (XPS). The corresponding binding energy is 114.6 eV ,when
the nitride layers are ablated at 1023 K [18, 19].

Soto et al. also reported a high optical band gap of 3.8 eV of BesN,. In ab initio
calculations values above 4 eV were obtained [20, 21, 22]. The stoichiometric nitride
can therefore be considered to be electrically insulating at operation temperatures of

the first wall in a fusion reactor.

2. Experimental procedures

All the experiments presented here are performed at the experimental apparatus
ARTOSS at IPP [23]. The general experimental procedures are as described in [24].

We therefore focus only on specific conditions relevant for the described experiments.

2.1. Sample preparation and surface composition

The samples are polycrystalline square Be plates with 10 mm side length and 0.5 mm
thickness (MaTecK). They are produced by vacuum hot isostatic pressing of Be powder
and subsequent hot rolling. Polishing with diamond pads and diamond spray results

in specular surfaces with no visible scrub marks and a roughness amplitude R, below
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10 nm. The bulk purity of these samples is better than 99.0 at.%, with oxygen as the
main impurity (less than 0.8 at.% BeO). After introduction into the vacuum vessel of
the ARTOSS apparatus numerous cycles of sputtering with 3 keV argon and subsequent
annealing to temperatures above 1000 K are applied in order to clean the sample surface.
XPS analysis shows that the amount of surface oxygen after such a treatment is below
a monolayer coverage or even below the detection limit of XPS, except when noted. On
annealed Be surfaces a silicon signal corresponding to approximately one monolayer can
be detected with XPS. The Si probably originates from the polishing process, segregates

on the surface during annealing, and is sputtered off during N or D irradiation.

2.2. Nitrogen implantation

Mixed Be,N, layers are produced by implantation of the Be surface with N ions from
an electron impact ion source (SPECS IQE 12/38) without mass separation. The
acceleration voltage is either 3 kV or 5 kV. To estimate the depth range of the implanted
N the energy per N is calculated by dividing the acceleration voltage by a factor 2. This
assessment relies on the assumption that the accelerated particles are singly charged
N3 molecules. The assumption is justified by the very strong triple bond of the Ny
molecule. In fact also mass spectrometry of Ny yields NJ as the dominantly detected
species [25]. The assumption of N3 ions impinging on the surface is further supported by
the reasonable agreement of the measured and calculated depth profiles (see section 4).
The same assumption is also adopted to determine the N fluence from the accumulated

charge.

2.3. Deuterium tmplantation

Deuterium implantation is performed at room temperature up to various fluences by

means of a mass-separated beam of Dj ions. The acceleration voltage is 1.2 kV or
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1.8 kV which — upon dissociation of the molecules at the sample surface — yields
implantation energies per atom of 400 eV and 600 eV, respectively. The implantation
spot is optimized with respect to previous investigations: By means of an ion optical
system the D beam is focussed to obtain a full-width-at-half-maximum intensity of
approx. 1 mm. This leads to local D ion fluxes in the center of the beam of up to
1 x 10" D em™2 s7! (for 600 eV D), as measured with a Faraday cup with an entrance
aperture of 0.5 mm in diameter. A well-defined, homogeneous implantation area with
sharp borders is achieved by a motorized sample movement relative to the fixed ion
beam. The insert in figure 4 shows an ellipsometry map of the implantation spot after
bombardment of an amorphous hydrocarbon layer on top of a silicon substrate by 2 keV
D with a fluence of 7.8 x 10'® cm™2. The changes in shade in this map are induced
by the D bombardment, but cannot be directly converted into a depth scale. However,
the map gives a quantitative picture of the lateral dimensions of the implantation spot.
The homogeneously implanted area is surrounded by a region of less than 1 mm in
width implanted at a lower fluence. The fluences given in the figures 4 and 5 refer to
the accumulated number of D atoms divided by the area of the nominally implanted

rectangle.

2.4. Elemental and chemical analysis

RBS with *He in IBM geometry is employed to determine the absolute amounts
and the depth distributions of implanted N. For depth profile determination the
backscattered particles are recorded at 105° scattering angle. According to calculations
with RESOLNRA [26, 27] optimal depth resolution is obtained at a primary energy of
the “*He atoms of 800 keV. To further increase the depth resolution, the surface normal
of the sample is tilted by 7.5° with respect to the incoming beam, resulting in an angle

of 7.5° between the sample surface plane and the detector. Such shallow exit angles
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require a thorough alignment of the sample in the scattering geometry. Since surface
roughness has a strong influence on the N depth profiles deduced from measurements
in this geometry, it can only be applied for well-polished samples. Nevertheless, only
this additional tilting enables to resolve N depth profiles for the ion energies used in the
keV range. Since any surface roughness results in an apparent N depth larger than the
actual one, the depths assessed in these measurements can be taken as upper limits (see
also section 4). For the determination of the partial sputter yield in section 6 the total
N areal densities are extracted from the signals at 165° scattering angle. The amount
of D retained after implantation is determined by NRA with 650 keV 3He. The protons
from the reaction d(*He,p)a are detected at 135° scattering angle.

XPS spectra are recorded in situ before and after each experimental step (N
implantation, annealing, D implantation, ion beam analysis). A non-monochromatic
Mg Ka source is used in combination with a hemispherical electron energy analyzer
(PHI 10-360). The employed pass energies are 117.4 eV for survey scans and 24.5 eV for
high resolution spectra of the Be 1s, the N 1s and the O 1s regions. The reference binding
energy of the Au 47/, electrons lies at 84.0 eV and additional Cu and Ag photoelectron
lines are used to adjust the linearity of the energy scale. The reproducibility of the

photoelectron binding energies throughout this work is +0.1 eV.

2.5. Temperature-programmed desorption

A linear temperature ramp of 0.7 K s}

is used for all TPD spectra. The sample is
positioned in line-of-sight of the quadrupole mass spectrometer (QMS). The ramping
starts at room temperature and stops at 1000 K. A PID controller (Schlichting HS 770/
HS 170) is employed which allows for linear ramps with deviations of a few percent from

the desired heating rate over the temperature range from 400 to 1000 K. The D signal

(m/q = 4) is monitored as well as numerous other mass-to-charge ratios corresponding
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to potentially desorbing species.

3. Beryllium nitride formation upon nitrogen implantation and annealing

Figure 1 shows XPS spectra of the Be 1s region. A spectrum from unimplanted, annealed
Be (with approximately one monolayer of surface oxygen as estimated from the survey
spectrum) is plotted together with two spectra recorded after implantation of Be with
two different fluences of N at an acceleration voltage of 3 kV. After implantation of
3 x 10'® cm™2 a new peak appears in addition to the one for metallic Be. This
peak is separated from the metallic Be signal by +1.5 eV towards a higher binding
energy. This Be,;; peak is attributed to the formation of beryllium nitride. It is
rather broad compared to the spectrometer resolution, which is typical for materials
in a disordered state with varying next neighbor atom distances and crystallographic
orientations. Fitting of the spectrum with two signals at 111.9 and 113.4 eV results
in approximately equal integral intensities of the two peaks after implantation to this
fluence. After implantation with a fluence of 1.8 x 10'® cm™2 the nitride peak dominates
and the metallic peak is only visible as a small shoulder, corresponding to approx. 7 % of
the total signal intensity in the Be 1s region. Further implantation does not change the
observed shifts and intensities. This indicates saturation with N within the information
depth range of XPS.

After implantation of N at 5 kV to high fluences the shoulder from metallic Be
is further attenuated to approximately 4 % (spectrum a in the Be 1s panel of figure
2). Almost all of the Be within the information depth of XPS is in the nitride state.
An increase in implantation energy corresponds to an increase in implantation depth,
leading to a wider zone saturated in nitrogen. The attenuation of the metallic shoulder

is consistent with a longer path for photoelectrons from the metallic substrate through
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the nitride layer. It is therefore concluded that after implantation to fluences above
saturation the measured intensity at the binding energy corresponding to 1s electrons
in metallic Be originates from the metallic substrate underneath a layer of Be,N,. This
conclusion is further supported by XPS spectra with the sample tilted by 60° with
respect to the analyzer. Such a tilting lowers the effective information depth of XPS.
Accordingly, the metallic contribution to the Be 1s signal is further reduced in these
spectra.

Implantation of fluences above 1.8 x 10 cm~2 does not further increase the amount
of retained N. This is shown in the insert in figure 1 which demonstrates a saturation
of the integrated intensity in the N 1s binding energy region with increasing N fluence.
Since in XPS measurements the metallic Be substrate still contributes to the signal,
the saturation of the surface layer in nitrogen is within the XPS information depth, i.e.
within a few nm at the applied X-ray energy. This saturation is corroborated by RBS
measurements of the N amount for selected implantation fluences.

Due to the implantation with energetic N ions and the associated collision cascades
the compound formed is presumably disordered. After heating the N-implanted Be to
above 1000 K the nitride part of the Be 1s, as well as the N 1s XPS peaks (both recorded
after cooling down to room temperature) are reduced in peak width and shifted towards
higher binding energies by +0.7 and 4+0.8 eV, respectively (figure 2, spectra a and c).
Assuming that the annealing treatment enables an ordering process, the narrower XPS
peaks can be attributed to such an energetically more favorable atomic structure (see
also section 4). Upon reimplantation of the annealed layer with N the XPS peaks shift
back to their positions and widths before annealing.

Within the reproducibility of these measurements (0.1 eV) the binding energy of

the nitride peak in the Be 1s region after annealing corresponds to the value of 114.0 eV
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reported in [17] for beryllium nitride films produced by laser ablation. Although not
explicitly stated in [17] we assume that for those measurements the laser ablation was
performed at room temperature. When the layers are produced at 1023 K the Be 1s
binding energy is reported to be 114.6 eV [19, 18].

After annealing, the metallic signal in the Be 1s region becomes apparent as a
separate peak rather than a shoulder. This is partly just due to the fact that the nitride
peak shifts further away from the binding energy of the 1s electrons in the metallic
substrate. But there is also a net increase in the intensity of the metallic part of the
signal from approximately 4 % after implantation with N at 5 kV to approx. 15 % after
the heat treatment. The integrated N 1s signal is reduced by approx. 10% after the
heating. One possible mechanism leading to a larger substrate signal after annealing is
the thinning of the nitride layer due to desorption of a small part of the implanted N.
Another mechanism is the agglomeration of the nitride during annealing. This can lead
to attenuation of nitride photoelectrons from island clusters or even to an uncovering
of the Be substrate directly. Further investigations are necessary in order to clarify
whether agglomeration or desorption occur during annealing, nevertheless this is only a

minor effect.

4. Nitrogen depth distribution

Under the assumption of a homogeneous nitride layer on top of a metallic Be substrate
the stoichiometry in the nitride layer can be calculated from the areas of the N 1s
and the nitride part Be,; of the Be 1s region, weighted with the respective elemental
sensitivity factors. For calculating the area of Be,;; the Be 1s region is fitted [28] with
two peaks, one around 111.8 eV binding energy for the metallic part and a second one

at a higher binding energy for the nitride part. Taking the empirical sensitivity factors
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from [29] (Sp. = 0.074 and Sy = 0.477 for Be and N, respectively) yields an N/Be ratio
of approximately 0.68. The theoretical value for stoichiometric BesNy is 0.67. After
annealing the experimental N/Be ratio decreases slightly to approximately 0.64.

The influence of the specific inelastic mean free paths (IMFP) of photoelectrons in
the beryllium nitride layer on XPS sensitivity factors is neglected in this estimation. For
corrections based on existing models [30, 31] the mass density of the implanted mixed
layer is required. A calculation taking into account the IMFPs according to Gries with
the assumption that the mass density in the layer is equal to the one of stoichiometric
BesNy reduces the N/Be ratio by 10 %. Even though the real mass density of the layer is
not known and the precondition of a homogeneous nitride layer can be put into question,
we estimate the possible systematic error in the calculation of stoichiometries from the
XPS measurements to be in the order of these 10 %.

An RBS spectrum after implantation of N up to saturation and subsequent heating
to 1000 K is shown in figure 3a. The Be edge is clearly visible as well as a peaked N
signal indicating a very shallow N depth distribution. For the modelling of the RBS
spectra with SIMNRA [27, 32, 33] the best achievable depth resolution in the applied
geometry (see section 2) is first calculated using the program RESOLNRA. It amounts
to 6 x 10'® atoms cm™2. This is taken as the minimum thickness of the layers allowed
during manual adaptation of the simulated sample to the experimental spectrum. The
elemental depth profile shown in figure 3b is the result of this adaptation. It features
a N/Be ratio at the surface of 0.48, which is somewhat below the value of 0.67 for
stoichiometric BesN,. This tendency is in agreement with the stoichiometry calculated
by XPS when the corrections to the IMFPs according to Gries are taken into account.
After implantation with N to saturation the N concentration profile is expected to peak

at the surface (with a possible plateau). A possible influence of surface roughness or
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inhomogeneous layer thickness together with the limited depth resolution of the RBS
measurements can consequently only lower the observed N concentration at the very
surface. Therefore, the value of 0.48 can be considered a lower limit for the N/Be ratio
at the surface.

The depth-integrated areal density of N is approx. 4 x 10 cm™2. The N
concentration depth profile falls below 1 at.% within roughly 1 x 10'7 cm~2. In order to
convert this into a length scale we assume the density of the mixed layer to be equal to
the density of BesNy, namely 1.5 x 10?® atoms cm ™ [34]. This yields a layer thickness
of 9 nm within which the nitrogen concentration exceeds 1 at.%. As discussed in section
2, the depths assessed in this way can be considered to be upper limits.

In order to estimate the amount of N that according to these RBS measurements
might have diffused into the bulk (either already upon implantation or upon subsequent
annealing), a thorough analysis of the spectra is conducted in the following. The signal
is not entirely zero to the right of the N surface peak. This stems from heavier impurities
which are present in the bulk of the sample to less than 1 at.% according to the
specifications. The major impurity is O with a concentration of less than 0.4 at.%.
The main heavier impurity is iron (less than 0.08 at.%). These impurities are included
in the simulation. They cause a constant low-level signal in all lower channels on top of
which the dominant N and Be signals appear. The RBS signal between the N peak and
the Be edge is slightly higher than the signal that originates from impurities with mass
16 or higher. This could be attributed to boron or carbon impurities in the bulk or to
N which diffused into the bulk during annealing. Other possible origins are multiple
scattering effects and surface roughness. A maximum N concentration of 0.5 at. % in
depths larger than 15 nm is compatible with the low level signal to the right of the

Be edge. However, the actual cause for the increased signal is most probably surface



Properties of nitrogen-implanted beryllium and its interaction with energetic deuteriumlb
roughness, which is expected to play a role in these measurements due to the very
shallow detection angle (see section 2). Therefore, it is concluded from this analysis
that no N bulk diffusion occurs during annealing of the N-implanted layer.

The experimental results are compared to dynamic simulations with SDTrim.SP
(35, 36] for irradiation of Be with N at 2.5 keV (corresponding to singly charged Nj
molecules accelerated by 5 kV). In dynamic equilibrium (which in these simulations is
reached at fluences above 8 x 10’ N em™2) a pure nitrogen layer is established at the
very surface. The obvious reason for this is that SDTrim.SP only treats kinematics and
does not account for other reaction paths such as the N,g4s + Nggs — N recombination
and desorption of N, from the surface. In order to obtain a surface layer of stoichiometric
BesN, in dynamic equilibrium (which then is reached already above 2 x 10" N cm™2)
the maximum N fraction in the calculations is restricted to 0.4 (see figure 3b). With the
partial atomic volume of the N atoms in this layer adapted to yield the correct density
for BesNs the resulting thickness of the layer is 10 nm. This depth range is in agreement

with the depth profiles calculated from the RBS measurements.

5. Deuterium retention in and desorption from beryllium nitride

D implantation into the thin nitride layers must be performed at adequately small ion
energies. The chosen implantation energies of 400 eV for the small fluences and 600 eV
for the higher fluences are a compromise between this criterion and a reasonable beam
current of the order of 100 nA. According to static simulations with SDTrim.SP the
maxima of the implantation profiles for D implanted into BesNy at 400 and 600 eV lie
at 6.5 nm and 11 nm, respectively.

From previous experiments on clean Be surfaces [24, 37] the release behavior of D

implanted at 1 keV per atom is known to change considerably above a threshold fluence
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of 1.2 x 10'7 ecm™2. In the following D retention in and release from nitride layers is
described after implantation of D to fluences far below, as well as above this threshold
fluence.

Figure 4 shows D desorption spectra after implantation at 400 eV per atom with
fluences of approximately 5.5 x 10'® em~2, applying temperature ramps of 0.7 K s~1.
The oxygen contamination of the surface, as determined by XPS, is well below 1
monolayer of BeO during all steps of these experiments. In the cases of D implantation
into a nitride layer (b and c) this layer is established by implantation of N at 5 kV
acceleration voltage. The thermally treated layer c is implanted with N and subsequently
annealed at 1000 K before implantation of D.

The larger peaks at desorption temperatures above 600 K in the spectra a and c
are attributed to D released from ion-induced traps [24] created upon implantation of
low D fluences into Be and into the annealed mixed layer, respectively. The release flux
from the annealed mixed layer peaks around 630 K, i.e. at slightly lower temperatures
compared to clean Be, where the desorption maximum lies at 675 K. Furthermore, a
small D amount still desorbs from the N implanted surface at temperatures above 750 K
at which no desorption is observed from clean Be. The increase in all three signals above
900 K is due to the increasing sublimation of Be: Twofold ionization of Be leads to a
m/q = 4.5, i.e. close to the one for singly charged Dy. This produces a signal at m/q = 4
due to the limited resolution of the measurement.

In cases a and ¢ a first low-temperature release is observed around 480 to 490 K.
This peak is only observed upon desorption from polycrystals, and is only prominent for
very small implantation fluences. At higher fluences (still below saturation), it only plays
a minor role compared to the main desorption peak at higher temperatures. It could

originate from deuterium being released from grain boundaries or impurities, which are
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both absent in single crystals. In the unannealed case b most of the D is released in a
broader peak around 550 K. At temperatures above 700 K the spectrum b follows the
behavior of the annealed nitride, case c.

The retained fractions of D are 0.62, 0.44 and 0.47 for cases a, b and c, respectively.
The uncertainty in these numbers is mainly due to the uncertainty in the calibration
of the QMS signal. It is conservatively estimated to 10 %. Apparently the presence
of N slightly reduces the retention of D at low fluences. This can be attributed to an
increased reflection by the heavier N atoms in comparison to Be. In experiments on
single crystalline Be implanted with D at 1 keV the retained fraction was almost 0.8 at
low fluences [24]. The lower retained fractions in the experiments presented here can
be attributed to the different trap evolution upon D implantation between single and
polycrystalline Be [39]. Also the improved beam scanning technique described in section
2 and the therefore more homogeneous fluence over the implanted area compared to the
previous experiments can influence the measured retained fractions.

Figure 5 shows the D desorption behavior after implantation at 600 eV per atom
with fluences above the saturation threshold. The D fluences were 2.8, 2.1 and
1.9 x 107 cm™2 for the spectra a, b and c, respectively. In case a the ’clean’ Be
carries a surface oxygen contamination slightly higher than in all other experiments
shown: The XPS intensities correspond to a few monolayers of BeO.

The spectra b and ¢ for N-implanted Be feature a large low-temperature desorption
peak, as does the spectrum a for clean Be. For the cases a and ¢ the peak maximum lies
around 440 K, while in the unannealed case b it is shifted to 470 K. The spectra b and
¢ show an increased desorption at intermediate temperatures (between 480 and 680 K),
while they lack the pronounced peak at the high temperature end of the spectrum that

is observed above 700 K in the spectrum a from clean Be.
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At 600 eV implantation energy, according to static SDTrim.SP calculations a major
part of the D atoms is implanted into the bulk Be below the thin nitride layer. The
activation barrier for release of these atoms from their initial trapping site is therefore
that for clean beryllium. The observed desorption temperature is then additionally
influenced by the diffusion of D from the initial trap to the surface, as observed in [38]
and [39]. A reduced diffusivity for D through disordered BezNs qualitatively explains
the shift of the dominant low-temperature desorption peak to higher temperatures in
the unannealed case b. Following the same reasoning, the similar peak temperatures of
the low-temperature desorption stage in the cases a and ¢ indicate a similar diffusion
coefficient for D through the annealed (and D implanted) nitride layer as through clean
(and D implanted) Be.

The retained fractions for the three cases a, b and ¢ are 0.31, 0.45 and 0.41,
respectively. The reduced fraction in case a can be attributed to the higher implanted
fluence increasing the effect of saturation. Therefore, within the error margin of the
experiment, at the applied implantation energy the retention of D at high fluences is
not affected by the presence of nitrogen.

In addition to the DJ signal (m/q = 4) the mass-to-charge ratios corresponding
to numerous D and N containing species that might desorb upon temperature ramping
are monitored during the TPD experiments. Many of them feature a steady increase
with temperature that cannot be assigned to desorption from the implanted surface,
but must rather be attributed to the increasing background pressure, as well as to
N-containing molecules originating from adsorbates on the sample holder. The only
desorption spectrum with a characteristic peak (as expected for decomposition of a
limited amount of a substance) is that of m/q = 20, corresponding to deuterated

ammonia (NDg3). This spectrum (as recorded after D implantation into an annealed
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nitride layer) is plotted in figure 5, together with the signals for D3 after high fluence
D implantation. A broad peak around 620 K is observed. The onset temperature for
this desorption peak is 550 K. This corresponds to the temperature at which according
to [40] beryllium amide (Be(NHj)s) decomposes into the imide (BeNH) and the nitride
(BesNy) while releasing ammonia: 4 Be(NHy), — BeNH + BesNy + 5 NHs.

The desorption of NDj3 is only observed in our experiments after implantation of
high D fluences (> 10'7) and the intensity of the corresponding QMS signal is almost
two orders of magnitude smaller than the DJ signal. A corresponding signal at the
mass to charge ratio of m/q = 18 (ND3) with 80 % of the intensity of the signal at
m/q = 20 would support the interpretation of desorbing deuterated ammonia. However,
this verification is made impossible by fact that the signal at m/q = 18 is dominated
by HoO1 and is more than an order of magnitude higher than at m/q = 20 throughout
the spectrum. In conclusion, even though there is an indication for beryllium amide
formation, the trapping of D in form of Be(NDy), plays a minor role.

XPS core level shifts also suggest the formation of ternary Be-N-D compounds:
After implantation of the nitride layers by D the XPS peaks of both Be 1s and N 1s
shift towards higher binding energies (see figure 2). Upon D implantation directly after
N implantation without prior annealing (spectra a vs. b) both the nitride peak in the
Be 1ssignal and the N 1s signal shift to higher binding energies by +0.9 eV. Implantation
into the annealed nitride layer (spectra ¢ vs d) results in shifts by +0.3 eV in addition
to the shifts already induced by the annealing, which are +0.7 and +0.8 eV, for Be 1s
and N 1s, respectively (see section 3). There are two reasons for excluding that the
shifts observed upon D bombardment are an effect of disorder introduced in the layer
by the energetic ions: First, the N implanted, unannealed sample is already disordered.

Further ion bombardment (with a lighter species) is not expected to introduce further
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disorder. Second, as discussed in section 3, the ordering process assumed during
annealing shifts the peaks towards higher binding energies, while introduction of disorder
by re-implantation with N causes shifts back to lower binding energies. Consequently,
the shifts to higher binding energies upon D implantation are attributed to the formation

of ternary chemical compounds.

6. Erosion and oxidation beryllium nitride

In order to measure the erosion of the nitride layer by impinging energetic D ions, a
series of RBS measurements with increasing D fluence is performed. The starting point
for the erosion series is a saturated nitride layer (implanted with 1.7 x 10® N cm™
without subsequent annealing). D irradiation is performed at 2 keV per atom and the
N areal density is measured by RBS with 800 keV “He at 165° scattering angle after
each fluence step. Figure 6 shows the results of these measurements as a function of
the D fluence. From a linear fit to these data a partial sputtering yield of 0.013 N/D is
obtained. For comparison, the partial sputter yield of oxygen in BeO upon irradiation
with D ions at 2 keV has been determined to 0.015 O/D by weight loss measurements
[41].

The erosion series is performed over several days. XPS measurements show that
the amount of oxygen at the surface grows with time in between the erosion steps while
the background pressure is less than 1.5 x 107!° mbar. The developed oxygen coverage
is sputtered off in the subsequent D fluence step. This effectively lowers the apparent

partial sputter yield deduced from figure 6 which is why the value of 0.013 N/D is

considered a lower estimate.
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7. Summary

Clean polycrystalline Be is implanted with N ions at keV energies. This causes the
formation of a nitride compound in the implanted surface layer. Around a fluence of
2 x 10'® cm™2 the N content saturates within the implantation range of less than 10 nm,
leading to a maximum retained areal density of approx. 4 x 10'® N cm™2. Annealing of
the compound formed upon implantation induces an ordering process which is reflected
in higher XPS binding energies and reduced peak widths in the Be 1s and N 1s binding
energy regions. The N/Be ratio within the first few nm is determined with XPS as well
as RBS and is consistent with the formation of stoichiometric BesNy. No decomposition
of the nitride or diffusion of N into the Be bulk is observed upon heating of the layer to
1000 K.

The dominant desorbing species in TPD runs performed after implantation of D
into the nitride layer at 400 and 600 eV is Dy, while the contribution of other D
containing compounds is negligible. At a D fluence of 5.5 x 10® cm™2 the release
of D from the disordered nitride occurs at notably different temperatures compared to
clean polycrystalline Be, while after implantation into the annealed nitride the release
behavior shows similar features as from clean Be. From the desorption spectra recorded

2 an influence of the nitride layer

after implantation to fluences around 2 x 10" cm™
on the D diffusion is deduced. The fraction of the D fluence that is retained after
implantation into the nitride layer and beyond is similar to the one for clean Be.

The partial sputter yield for N by 2 keV D is determined to 0.013 N/D as a lower

limit. This is comparable to the yield for O on BeO.
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8. Conclusions regarding the use of nitrogen seeding with a beryllium first

wall

The nitride compound formed upon implantation of N ions into Be is thermally stable
and does not decompose when heated up to 1000 K. The melting temperature of bulk
BesNsy is known from the literature to be higher than the one for metallic Be [13].
Melting point reduction due to compound formation upon N ion implantation into Be
is therefore not an issue.

The absence of diffusion of N (even at elevated temperatures) leads to the saturation
of the Be surface with N within the implantation zone. The thickness of this zone
is less than 10 nm for implantation of N at 2.5 keV and will be even less for the
lower implantation energies expected at the main walls of ITER. In a fusion reactor the
nitride layer will be subjected to erosion by impinging D ions, which will lead to further
thinning. The actual thickness of the N-rich layer in dynamic equilibrium therefore also
depends on the ratio of D to N influx on the Be tiles. The determined partial N sputter

2 suffices to remove the

yield by D indicates that a pure D fluence of 3 x 10 cm™
saturated nitride layer formed by 5 keV implantation of N. With estimated D fluences
onto the Be main wall in ITER on the order of 4 x 10" cm™2 per discharge [4] the nitride
layer will therefore be removed from plasma wetted Be areas by sputtering within one
ITER discharge.

The risk of increased arcing due to the insulating character of thin nitride layers
can be compared to the natural self-passivating oxide layer that is formed at room
temperature on Be in the presence of oxygen or water molecules. In fact such an oxide
layer will cover the Be first wall at the onset of plasma operation. This layer has a

thickness of a few nm and BeO is a better insulator with a band gap of 10.6 eV [42]

compared to 3.8 eV for BesN,. However, no quantitative evaluation of the insulating
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action of thin layers is attempted here.

No drastic influence of the N irradiation on D retention in Be surfaces is observed
in the measurements presented in this work. From thermal desorption spectra recorded
after implantation of Be with N to saturation and subsequently with high fluences of
D an influence of the N-rich layer on D diffusion can be inferred. However, the nitride
layers do not act as a barrier for out-diffusion of D. The influence of N on the D retention
in Be co-deposits (which play a major role in the total D retention in fusion devices with
Be wall elements) is not addressed and further work is necessary.

One of the advantages of using Be in a fusion device is its high affinity to oxygen,
leading to a reduced impurity content in the plasma. It is observed in this work that also
the saturated nitride layer oxidizes quickly even in high vacuum. These measurements
indicate that the oxidation rate of the nitride is similar to the one of clean Be and that

therefore the desired gettering property of Be is preserved.
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Figure 1. XPS spectra of the Be 1s region after implantation of N up to different
fluences into Be. The insert shows the integrated N 1s intensity which saturates with
increasing N fluence.

Figure 2. XPS spectra of the Be 1s and N 1s regions after various experimental steps.

Figure 3. (a) Experimental and simulated RBS spectrum of the nitride layer on Be
after annealing. (b) Depth profiles used for the SIMNRA simulation (full lines, sum
of O and Fe impurities at 1 at.% throughout the whole depth) as well as the depth
profiles calculated by dynamic SDTrim.SP (dotted lines).

Figure 4. TPD spectra at m/q = 4 (corresponding to D ) recorded after implantation
at 400 eV/D to 5.5 x 10 cm~2. The insert shows an ellipsometry map of the
implantation spot.

Figure 5. Curves a, b and ¢ are TPD spectra at m/q = 4 (corresponding to D)
recorded after implantation at 600 eV/D to 2.8, 2.1 and 1.9 x 107 cm ™2, respectively.
The curve with the bad signal to noise ratio shows the QMS signal at m/q = 20,
corresponding to ND;

Figure 6. Integrated N areal density as measured by RBS after various fluence steps
with D at 2 keV/atom. The linear fit to the data points results in a sputtering yield
Y of 0.013.
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