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a  b  s  t  r  a  c  t

V–Fe5at.%  2  and  10-nm  thick  single  layered  films  were  prepared  by ion  beam  sputtering  on  W  substrate.
They  were  loaded  with  D  from  gas  phase  at 0.2  Pa  and  at 1 Pa,  respectively.  Both  lateral  and  depth  D
distribution  of these  films  was  investigated  in  detail  by  atom  probe  tomography.  The  results  of  analysis
are  in  good  agreement  between  the  average  deuterium  concentration  and  the value,  expected  from
electromotive  force measurement  on a similar  flat  film.  An  enrichment  of  deuterium  at  the  V/W  interface
eywords:
tom probe
ydrogen
euterium
anadium
hin film

was observed  for  both  films.  The  origin  of  this  D-accumulation  was  discussed  in  respect  to  electron
transfer,  mechanical  stress  and  misfit  dislocations.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Recently, atom probe tomography (APT) [1,2] has opened up
 new quantitative approach to trace hydrogen in metals [3–6]. In
ydrogen-metal systems, the investigation of properties of hydride

n reduced dimension has been one of the important issues for
he development of hydrogen storage [7–9] and sensor application
10]. Moreover, direct observations of the local chemistry associ-
ted with this distribution of hydrogen at dislocations or at grain
oundaries would be of particular interest to establish a fundamen-
al understanding of phenomena such as hydrogen embrittlement
11]. APT is a powerful tool for such purposes because of its high
patial resolution in the analysis direction (0.1 nm).

However, it is not so straightforward to detect hydrogen in met-
ls accurately just by utilizing APT because of diffusion phenomena.
ven at cryogenic temperatures as low as 50 K, an interstitially
olved hydrogen atom in a metal is highly mobile and has diffu-
ion coefficient of 10−9 cm2/s (=360 �m2/h) e.g. in vanadium [12].
s APT is a destructive analysis, there will be always newly created
urfaces and hydrogen atoms diffuse towards these energetically
ore favorable surface sites during the analysis. To avoid such sur-

ace segregation, use of heavier isotopes like deuterium (D) instead

f H is thus strongly recommended for APT. In addition, D can be
ltimately distinguished from residual hydrogen in the analysis
hamber. Nevertheless, special care still must be taken for ana-
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E-mail address: rgemma@ump.gwdg.de (R. Gemma).

925-8388/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.122
lyzing D quantitatively by considering the influence of analysis
temperature on the diffusivity of D [4,5].

In this study, we have applied analysis temperature of 20–30 K
in order to suppress surface segregation of deuterium. By this, a
detailed picture of deuterium distribution in 2- and 10-nm thick
V–5at.% Fe film was  obtained as shown in the following sections.
Regarding the obtained results, special attention is paid to the depth
and lateral distribution of D atoms.

2. Experimental

The films were deposited on needle-shaped W substrate suitable for the APT
analysis. The W tip substrate was sharpened by electropolishing and the surface
was  developed by field evaporation by the procedure described in [5]. The tips had
a  (1 1 0) orientation along the tip axis.

Deposition was  carried out by ion beam sputtering, under Ar atmosphere at a
pressure of 1 × 10−2 Pa, with deposition rates of 0.6 nm/min for V–Fe5at.% target.
The base pressure of the sputtering chamber was in the range of 1–2 × 10−8 Pa at
room temperature. The deposition was carried out at 298 K. All of the films prepared
were subsequently terminated by an approximately 5–10 nm-thick Pd layer, which
promotes D2 dissociation and protects V from oxidation as well.

Then the as-sputtered specimen was  introduced into the deuterium-loading set
up.  The detailed loading process is described in [5].  This set up is equipped with a
magnetic sample transfer rod which is coupled with a gate valve, so that the sample
transfer from the loading chamber to the APT main chamber can be carried out
without breaking the D2 atmosphere. After reaching the base pressure of 10−5 Pa, the
deuterium gas (purity: 99.98%) was leaked into the system at the desired pressure
between 0.2 Pa and 1 Pa. After loading for 48 h, the transfer rod was removed from

the set up and connected to a pre-evacuation chamber on the APT. Before introducing
the sample into the main chamber, the remaining D2 gas was removed. The APT
analysis was carried out with a tomographic atom probe detector type [1] at 20–30 K
with a voltage pulse fraction of 20% and a voltage pulse frequency of 2 kHz. The DC
voltage of the sample changed typically from 3.5 kV to 15 kV to complete an analysis.

dx.doi.org/10.1016/j.jallcom.2010.11.122
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rgemma@ump.gwdg.de
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Fig. 1. Reconstructed volume from the analysis at 30 K (13 nm × 13 nm × 26 nm), loaded with D2 0.2 Pa. The small cube represents a 1 nm3 box. (a) The whole volume of
reconstruction (grey: Pd, green: V, red: Fe, blue: W,  light blue: D). (b) Same reconstruction as (a), but with O (purple). (c) Iso-concentration map of D concentration from the
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ame  reconstruction in (a). Note high cD near V/W interface. The xy plane at 13 nm is
s  referred to the web  version of the article.)

. Results and discussion

Atomically resolved D-distributions in different V–Fe films are
easured and carefully discussed in the following section.
Fig. 1(a) and (b) shows the result of an APT analysis carried out

t 30 K on 10-nm thick film. This film was loaded with deuterium
as at 0.2 Pa at room temperature. At this pressure, an equilibrium
oncentration cD = 0.31 D/Me is expected according to the corre-
ponding p–c–T curve, which was recorded via electrochemical
ydrogen loading of a similar film (not shown). The sample axis

ies along [1–10], so that an epitaxial relationship of the V(1 1 0)
lm plane with the (1 1 0) plane of the W substrate is identified.
he reconstructed volume (Fig. 1(a)) shows higher number of D
toms (light blue spheres) in the V layer compared with that found
n the Pd layer. No D-atoms are detected in the W-substrate. This
bservation is in agreement with the fact that the hydrogen solubil-
ty in Pd and in W at 294 K is 4 and 24 orders of magnitude smaller
han that in V, respectively [13]. For W,  therefore, the hydrogen
olubility is negligible.

In Fig. 1(b) the distribution of oxygen (O) atoms (purple spheres)
n the sample volume is shown. O atoms detected at the V/W inter-
ace were due to the exposure of the W substrate tip to air prior to
eposition.

D-concentration analysis along low-indexed poles is not cor-
ect for quantification due to evaporation aberration effect [14].
his is shown in Fig. 1(c) where part of the sample volume is

hown with iso-concentration maps of VD0.25. The plotted iso-
oncentration planes (one zx and one zy plane) cross each other
t the (0 1 1) pole. A D-enriched region with concentrations higher
han 0.25 D/V is found all along the (0 1 1) pole. But, this has been
ut and shown in (b). (For interpretation of the references to color in text, the reader

attributed to an evaporation aberration effect [14], which often
occurs at crystallographic poles and does not imply an inhomo-
geneous D-distribution. D-atoms located at kink sites migrate via
surface diffusion to the edge sites before evaporation and, thus,
distort the D-position. This effect is significant at low-indexed
planes. Therefore, such low-indexed pole regions are not useful for
chemical composition analysis, since the APT concentration pro-
file directly counts the number of atoms in a defined volume. The
enrichment of D at the (0 1 1) pole was also noticed, even more
significantly, at 45 K and 60 K (not shown). Considering the dif-
fusion rate r of D atom in bulk V at 30 K, it is 4 × 10−7 nm2/h, is
certainly smaller than the typical analysis speed of ∼5 nm/h. There-
fore, D atoms keep their position in depth. But, surface diffusion can
be orders of magnitudes larger, blurring the lateral D-positions in
flat regions. Therefore, the region around the (0 1 1) pole was  not
sampled for all depth concentration profiles presented in this paper.

Additionally, the evaporation sequence can also be affected by
local chemistry via modification of field evaporation strength EF and
sometimes it induces a significant deviation from the original posi-
tion of atoms. In this case, special care must be taken by examining
the interface of two  different layers [15].

A characteristic feature in Fig. 1(c) is a dense, laterally spread D
layer of about 2 nm thickness right at the V/W interface. This dense
D volume is also shown as a 2-dimensional xy map. D is inhomoge-
neously distributed in the interface volume. In order to study the
local chemistry at this interface, a cylinder with 5 nm diameter was

placed away from the (0 1 1) pole and the concentration depth pro-
file in the cylinder was calculated and shown in Fig. 2. The depth
profile reveals that the D-distribution is not homogeneous: also
in depth, there are deviations from the average D concentration of
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Fig. 2. Depth concentration profile taken from Fig. 1 (30 K). The average cD in the
V–Fe5at.% layer was  in good agreement with expected, cD = 0.31 D/Me. The error is
indicated in the bracket. The error bars were calculated as � = [c(1 − c)/(N − 1)]−0.5,
w
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Fig. 4. Depth concentration profiles at the V/W interface. Note high cFe and cD at

F
F
i

here c is concentration and N is number of detected ions. (For interpretation of the
eferences to color in text, the reader is referred to the web version of the article.)

D = 0.23(8) D/Me (the bracket indicates the error as standard devia-
ion), especially at the depth of 12–13 nm,  where cD = 0.4 D/Me even
xceeds the expected value of cD = 0.31 D/Me. At such high con-
entrations, hydride precipitation is expected to occur in the bulk
ystem. However, no hydride precipitates or clusters have been
bserved in this layered system. It was also confirmed by checking
he correlation between Fe and D positions. As there is no significant

odulation of the chemistry at the interface, the D-distribution at
he V/W interface cannot be attributed to any evaporation aberra-
ions. Thus, the enrichment of D near the V/W interface is a true
esult.

We suggest that the interface enrichment originates from
efect-hydrogen interactions or from interface stress.

A similar analysis was carried out at 20 K, but with a D
2
oading pressure of 1 Pa, where an equilibrium concentration
D = 0.38 D/Me is expected. At 20 K, the diffusion rate of D in bulk V
s reduced to 9 × 10−4 nm/h [12], which is drastically lower than at

ig. 3. The reconstructed volume from the analysis at 20 K (11 nm × 11 nm × 11 nm), load
e,  blue: W,  light blue: D, purple: O). (b) Iso-concentration map of D. Homogeneous later
n  text, the reader is referred to the web  version of the article.)
V/W. The calculation of error bars is the same as in Fig. 2. (For interpretation of the
references to color in text, the reader is referred to the web version of the article.)

30 K and more reliable analysis results were expected. But, unfor-
tunately, the sample ductility was  also reduced and, therefore, the
sample was under the extreme risk of rupture caused by high
voltage-induced mechanical stress during the APT measurement.
Practically, successful results were only obtained for films with V
layers thinner than 5 nm.

Results on a 2-nm thick V–5at.% Fe layer are shown in Fig. 3(a)
and (b). Oxygen (O) atoms (purple spheres) were detected as well
as in the case of Fig. 1. A homogeneous lateral distribution of D can
be confirmed by iso-concentration maps. But, a significant accu-
mulation of D is, again, found at the V/W interface. This trend is
more obvious in the depth concentration profile shown in Fig. 4. A
concentration peak reaching cD = 0.43(4) D/Me is found right above
the V/W interface. In the middle of the V layer the D-concentration
abruptly drops down to below 0.2 D/Me. Such a large difference
cannot be attributed to the artifacts caused by the APT method.

The average D-concentration in the V–5at.% Fe layer is
cD = 0.20(12) D/Me which is lower than that of the 10-nm thick

film. This finding could be due to an increase of the plateau slope
and a narrowed miscibility gap often observed by film thickness
reduction [3].  Thus, no direct comparison of the mean concentra-

ed with D2 at 1 Pa. (a) The whole volume of reconstruction (grey: Pd, green: V, red:
al distribution of cD can be confirmed. (For interpretation of the references to color
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Fig. 5. 2d iso-concentration maps of D, Fe, Pd and O at each cross sectional depth (1–4). Each sampling volume (3 nm × 3 nm × 0.5 nm) contains about 100 atoms. Red circle
in  the first image indicates the position of depth profiling. The position of the (0 1 1) pole is also shown. (For interpretation of the references to color in text, the reader is
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eferred to the web version of the article.)

ion between the two samples is possible. Other notable features
re (i) apparent intermixing of V and Pd at the surface, (ii) a lack
f Pd at the maximum cD peak and (iii) a little hump of Fe concen-
ration profile at the same position as the maximum cD peak These
eatures are examined in detail by applying 2d iso-concentration

apping of xy-volumes at different sample depths (1–4), as shown
n Fig. 5. 2d maps of D, Fe, Pd and O at 4 depth positions are
etermined from the corresponding depth profile. The apparent
ntermixing of Pd with the V-layer (i) is simply explained by a
ilt of the sharp Pd/V interface against the analysis direction, as
an be deduced from the Pd-xy-maps clearly showing two  distinct
reas of Pd and V, each. The clear inverse concentration correla-
tion between the distribution of D and that of Pd (ii) can be also
understood from the following point of view. In the xy-maps, the
local concentration of D (1st row in Fig. 5) is low in Pd-rich regions
(3rd row in Fig. 5). At the interface, local apparent “alloying” of V
with Pd drastically decreases the D solubility [16]. This APT result
reveals that even a small modulation of the local chemistry has
a large impact on the D distribution of a reduced dimension at
nm-range.
The correlation between D and Fe (iii) is not that straightforward
as implied in the depth profile, though there are some overlaps
barely seen especially in the 3rd and 4th columns. One should now
focus on column 4, where a small dense region of Fe with about
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7(2) at.% can be confirmed at the right-bottom. The other dense
egions of Fe (in columns 1–3) can be ignored as they belong to the
d layer. If the solubility limit of Fe in the V layer at room tem-
erature is 12 at.% likely to that of bulk V [17], the excess Fe could
ave formed a second phase like �-phase or its precursor. How-
ver, no cluster or platelet of Fe was found. Therefore, any strain
eld induced nucleation of deuteride at pre-existed precipitate can
e discarded, concerning the volume analyzed.

For both V–Fe5at.% layers, an enrichment of D was detected at
he film-substrate interface. The origin of this D accumulation is
iscussed in the following.

The dead-layer effects, suggested previously in Refs. [18,19]
esulting from electron transfer at the interfaces of Fe/V and Mo/V
ystem cannot explain the observed result at this V/W interface.
he Fermi-level of electrons in W is much higher than in V, thereby
esulting in an electron transfer towards the V layer. This elec-
ron transfer should decrease the local solubility of hydrogen at
he V-side of the interface, which is opposite to the experimental
nding.

Considering the impact of mechanical stress occurring at the
nterface of V and W,  a cube-on-cube matching of V–5at.% Fe (with

 = 0.300 nm)  onto W (with a = 0.317 nm)  results in 5.1% lattice mis-
atch. According to this, the V lattice is in a tensile strain state.

egarding the high stress sensitivity of the hydrogen site occupa-
ion in V [20,21], preferential formation of a D concentrated region
aused by stress-induced site change at the V/W interface might
xplain the observed discontinuous D distribution. But, according
o the model of Matthews and Blakeslee [22], the corresponding
ritical thickness for the implementation of misfit dislocations is
.7 nm,  for an ideal film.1

Both analyzed films have thicknesses above the critical value
nd, thus, the presence of misfit dislocation is very likely. Since the

 lattice constant is smaller than the W one, extra half planes are
mplemented in the V lattice. If the dislocation lines were located
ight at the interface (to accommodate maximum stress) compres-
ive stress fields are expected above the V/W interface. D does not
avor such regions. If the dislocation lines were located above the
nterface, D could be trapped there. This could, then, explain a deu-
erium segregation. But, the deuterium peak is located further away
rom the interface for the 2 nm V–5at.% Fe film. There, the cD max-
mum is about 0.4 nm away from V/W interface. Taking a trapping
egion of 1–2 nm below the dislocation line into account [23] this
ould result in a further displacement of the dislocation line from

he V/W interface.
Moreover, for both films, the presence of O atoms at the V/W

nterface can induce an enrichment of D atoms, due to large neg-
tive formation enthalpy of D2O(g) (249 kJ/mol at 298 K [24]).
owever, if D2O were present, both peaks have to appear at the

ame sample depth, which was not the case. Therefore, we sug-
est that O was  present as adsorbent and V is deposited on top
f this. The thickness of natural W-oxide is about 3 monolayers
25] and the oxide does not grow at room temperature unless elec-
ronic field is applied [26]. It is likely that at certain positions at the
/W interface, nonstoichiometric V-oxide is formed. This precipi-

ate does not absorb hydrogen, but due to its larger lattice constant
han that of the V–Fe layer, misfit dislocations could be present

bove these precipitates. In the tensile strain field of these dislo-
ations, deuterium could accumulate resulting in the observed cD
nrichments, simply also explaining the position of high cD region

1 For the calculation of critical thickness, Burger’s vector b (typically a/2 〈1 1 1〉
or  bcc structure), angle between the dislocation line and the Burger’s vector ˛,
ngle between the slip direction and the direction which is perpendicular to the
ine of intersection of the slip plane and the interface � = 35.7◦ and lattice mismatch

 between the film and the substrate, are applied.
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for both of the films. Additionally, the structural vacancies at the
metal/metal-oxide interface induce irreversible hydrogen trapping
[27]. The above mentioned microstructural aspects can be consid-
ered for the D enrichment at V/W interface.

One should also keep in mind a possible influence of mechanical
stress induced by high electric field, which can reach as high as sev-
eral GPa [28], on the D distribution. Moreover, the applied voltage,
thus the surface stress changes with increasing the tip radius during
analysis. In this study, the tip radius of the sample demonstrated
in Figs. 1 and 3 was estimated to be 41 nm and 31 nm,  respec-
tively. Although we have observed nearly common feature for both
of these samples, more detailed study focusing on such essential
aspect should be one of the future subjects concerning analysis of
deuterium in materials.

4. Conclusion

It was shown that APT analysis at low temperatures of 20–30 K
can give reliable deuterium concentrations, when gas loading is
performed without breaking the vacuum. This was  exemplar-
ily shown for two  V–5at.% Fe films of 2- and 10-nm thickness
deposited on a W substrate. In the analysis performed at 30 K,
the film loaded with 0.2 Pa D2 showed an average D concentra-
tion of cD = 0.23(8) D/Me, which was  in good agreement with the
expected concentration of cD = 0.31 D/Me. It was  demonstrated that
low-indexed plane regions have to be excluded from the analysis
for proper concentration determinations.

An enrichment of D was  observed near the V/W interface which
is explained by the presence of misfit dislocations.
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