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Abstract

H interaction with defects in thin Nb films was investigated in this work. Thin Nb films were prepared by the cold cathode beam sputtering. First,
microstructure of the as deposited films was characterized. The films sputtered at room temperature exhibit nanocrystalline grains, while those
sputtered at high temperature (7= 850 °C) are epitaxial. Subsequently, the films were step-by-step electrochemically charged with H. Development
of microstructure and evolution of defect structure with increasing H concentration was investigated by slow positron implantation spectroscopy
combined with X-ray diffraction. It was found that H is trapped at open-volume defects in the thin films of both kinds. The nanocrystalline films
exhibit significantly extended H solubility in the a-phase. Formation of the hydride-phase (Nb-H) at higher H concentrations leads to introduction

of new defects. These are most probably dislocation loops that are emitted by growing hydride-phase particles.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Thin films; Metal hydrides; Point defects; Positron spectroscopies; X-ray diffraction

1. Introduction

The behavior of H in a host metal lattice can be significantly
influenced by interaction with lattice defects [1]. Defect stud-
ies of H-loaded samples are, therefore, highly important for
an understanding of H behavior in metals. Positron annihila-
tion spectroscopy (PAS) is a well-developed non-destructive
technique with a high sensitivity to open-volume defects [2]
and represents an ideal tool for the investigations of H-defect
interactions. The aim of the present work is to investigate
microstructural changes in H-loaded thin Nb films. Defect stud-
ies of the films were performed by slow positron implantation
spectroscopy (SPIS) with measurement of Doppler broadening
(DB) of the annihilation line. The H-induced lattice expan-
sion was detected by X-ray diffraction (XRD). The results of
these techniques were combined with direct observations of the
microstructure by transmission electron microscopy (TEM).
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2. Experimental details

Thin Nb films were prepared by the cold cathode beam sputtering in an
UHYV chamber. The nanocrystalline films were sputtered at room temperature
on polished (100) Si substrates, while the epitaxial films were sputtered at
850°C on polished (1 12 0) sapphire substrates. The surface of all samples was
covered at room temperature with a 20 nm thick Pd cap in order to prevent oxi-
dation and to facilitate H absorption. The thickness of the studied films was
determined by profilometry and by TEM. It lies in the range 1100-1150 nm.
The orientation relationship of the epitaxial film with respect to the sapphire
substrate is such that the three-fold axes of the Nb and sapphire are aligned
parallel, i.e. [T 1 1]x||[000 1sapphire and the (1 1 0)np planes are parallel to the
(11 QO)Sapphire planes. The samples were step-by-step loaded with H by elec-
trochemical charging, see Ref. [1] for details. Defect studies were performed
on a magnetically guided positron beam “SPONSOR” [3] with positron energy
adjustable from 0.03 to 36 keV. The energy spectra of the annihilation y-rays
were measured by a Ge detector with an energy resolution of (1.09 £0.01) keV
at 511 keV. The DB of the annihilation peak was quantified using the S parameter
[2] (i.e. the central area of the peak divided by the net peak area), which is a
measure of the fraction of positrons annihilating with low momentum electrons.
The H-induced lattice expansion was measured in the out-of-plane direction by
XRD at HASYLAB (DESY) using synchrotron radiation with the wavelength
2 =1.12 A. The TEM studies were performed with a Philips CM300SuperTWIN
microscope operating at 300 kV. Thin foils for cross-sectional TEM were pro-
duced by conventional preparation using Gatan precision ion polishing system
(PIPS).
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3. Results and discussion

The TEM observations of the virgin films sputtered at room
temperature revealed “column-like” elongated grains (width
~50nm). In the film’s cross-section the columns are divided hor-
izontally into two “generations” of sub-columns with a height
being approximately the half of the film thickness [4]. The “first
generation” sub-columns are situated close to the Si substrate,
while the “second generation” sub-columns grow on the top of
the “first generation”. The nanocrystalline films exhibit a strong
(110) texture, i.e. most grains are oriented so that the {110}
planes are parallel with the substrate. On the other hand, the lat-
eral orientation of the grains in the substrate plane is completely
random. The diffraction profile of the (1 1 0) Nb reflection mea-
sured on the nanocrystalline virgin film is plotted in Fig. 1A,
right part. The asymmetric shape of the profile indicates that it
is a superposition of two contributions from the Nb layer with
slightly different inter-planar spacing; see Ref. [4] for details.
Taking into account the TEM observations, it indicates that the
inter-planar spacing, d; | o, of the {1 1 0} planes in the “first gen-
eration” and in the “second generation” sub-columns differ. It
should be mentioned that the corresponding inter-planar spacing
in bulk Nb is d; 1 =2.3338 A [5] (the dashed line in Fig. 1A).
Thus, it is clear that the out-of-plane dj ¢ lattice spacing in
both generations of the sub-columns are significantly larger
than in bulk Nb. Moreover, we have found that d; | o decreases
with increasing tilting angle ¥. Such experimental findings can
be explained by compressive stresses in the in-plane direction
caused by bonding to the Si substrate. The “first generation”
sub-columns are subjected to the highest compressive in-plane
stresses because they are attached directly to the Si substrate.
The magnitude of the compressive stress decreases with the
distance from the interface with substrate. Thus, the “second
generation” sub-columns situated on the top of the “first gener-
ation” exhibit more relaxed structure because they feel smaller
in-plane stresses.

The diffraction profile for the epitaxial film (Fig. 1A, left
part) is substantially narrower and can be well fitted by a single
reflection. The dj1¢ value for the epitaxial film lays close to
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that for bulk Nb. It is due to: (i) the sapphire substrate, which
is known to exhibit a good match with Nb lattice [6] and (ii) a
high sputtering temperature, which enables a relaxation of the
film layers. The thermal stresses during cooling of the film can
be neglected because sapphire and Nb exhibit nearly identical
thermal expansion coefficients [7].

The lattice expansion for the nanocrystalline and the epitax-
ial film is plotted in Fig. 1B as a function of H concentration,
xg. One can see that the out-of-plane lattice constant exhibits
approximately linear increase with xg in the a-phase field.
When the hydride-phase (Nb-H) is formed, additional peaks
corresponding to its orthorhombic structure appear in the XRD
spectra. The positions of the phase boundaries are shown by
dashed and solid lines for the nanocrystalline and the epitaxial
films, respectively. The epitaxial film undergoes phase transi-
tions at similar H concentrations as bulk Nb. On the other hand,
the nanocrystalline film exhibits roughly four times larger H
solubility in the a-phase, and the two-phase field is narrower
compared to bulk Nb. The extended H solubility in the nanocrys-
talline films is likely due to the nanocrystalline grain size. It
leads to a significant volume fraction of grain boundaries (GBs)
which can accumulate more H atoms. Note that an enhanced H
solubility in thin Nb films has been already reported in Ref. [8].

The dependence of the S parameter on the positron energy
E for the virgin nanocrystalline and epitaxial film, respectively,
is plotted in Fig. 2A and B. The S parameter was normalized
to that for a defect-free bulk Nb. A drop of the S parameter
at low energies is due to positron annihilations inside the Pd
cap. The increasing fraction of positrons annihilating inside the
Nb layer is reflected by an increase of the § parameter starting
from £~ 1keV. In the interval from 4 to 22 keV positrons anni-
hilate mainly inside the Nb layer. Eventually, at high energies
E>?22keV some positrons penetrate into the substrate which
leads to a further change of the S parameter. In case of the Si sub-
strate, the S parameter increases while for the sapphire substrate
itbecomes lower. One can see that the S parameter in the Nb layer
in both films is significantly higher than 1. This indicates that
the Nb layer contains defects. The nanocrystalline film exhibits
remarkably higher § parameter values in the Nb layer than the
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Fig. 1. (A) XRD diftraction profiles for the virgin films: open circles, epitaxial film; full circles, nanocrystalline film. Fit of the experimental points is plotted by the
solid lines, while the dashed curves show the individual reflections which contribute to the profile. The distance between the {1 10} planes in bulk Nb is indicated by
the dashed vertical lines. (B) The dependence of the lattice constant @ on H concentration xy. Nanocrystalline film: a-phase, “first generation” (full circles), a-phase,

“second generation” (open circles), B-phase, “first generation” (full squares), 3-phase,

second generation” (open squares); epitaxial film: the a-phase (gray circles),

B-phase (gray squares). Positions of the phase boundaries for the epitaxial and the nanocrystalline film, respectively, are indicated by solid and dashed vertical lines.



486 J. Cizek et al. / Journal of Alloys and Compounds 446—447 (2007) 484—488

zmean (nm)
0 10 50 100 500 1000
110 L1 1 1 1 1
1.09 F 3
1.08 <
=4
3107 7
o
o5 1.06 | -
o 1.05 ]
1.04 L * X,=0005
g 4 %,=0050 ]
1.03 ;% =0.090 1
102 —\ L I L " 1 L L 1 n I 1 n
0 10 20 30
1.20 ¢ E (keV) ]
)
=115} Si
g i substrate
O tpg |
W 105¢ c,ﬂ)‘ Nb layer
1.00 : - -
0 10 20 30
E (keV)

Zmean (nm)
0 10 50 100 500 1000
114 L1 1 1 1 1
(B) * X,=0.000
112 ¢ 3 s X%,=0.001 1
i ¢ %,=0.020 |
” ‘ *  %,=0050
2108 °  ¥;=0.100 ]
U)z & 5 Jﬂ}“"“;*“‘; o X, =0.200
= 106 ¥ : 1
0
Ty

Js 5% $853%n35 aay Fely
| 7 sEelo-
T¥zo 0QVE$LU£E§§§' E—ggéf-lga

1.02F | =

i
1.00 — :
0 10 20 30
1.08 ¢ E (keV)
£ 106} Nb (I1)
2 104 layer
g :
& 102 sappire |
;) Pa. DAHlaver substrate
1.00 cap :
0.98 . :
0 10 20 30
E (keV)

Fig. 2. Uper panel: Selected S(E) curves for the virgin film and the film loaded to various H concentrations: (A) nanocrystalline film, (B) epitaxial film. Fits of the
experimental points are plotted by the solid lines. The mean positron penetration depth is shown in the upper x-axis. Lower panel: A schematic plot of the layers
used to model the film. The height of each layer box equals to the S parameter of the layer in the virgin film.

epitaxial film. The nanocrystalline grain size leads to a signif-
icant volume fraction of GBs with vacancy-like open-volume
defects. As a consequence, almost all positrons are trapped in
these defects at GBs. Texture measurements showed that the
epitaxial film is either a single crystal or consists of only a few
grains with a weak miss-orientation. Thus, the volume fraction
of GBs in the epitaxial film is negligible. However, it is known
that the epitaxial Nb films contain misfit dislocations, which
accommodate the lattice mismatch with the substrate. The mis-
fit dislocation lines are situated either directly at the interface
with the substrate or in a certain distance (stand-off) from the
interface [6]. In addition, there is often a dislocation network
expanded into the film which compensates the components of
the misfit dislocation Burgers vectors which do not contribute
to a relaxation of the lattice strain [9]. Thus, there is a defect-
rich layer close to the substrate which should exhibit a larger S
parameter than the remaining Nb layer. Indeed, one can see in
Fig. 2B that the S parameter for the Nb layer is not constant for
the epitaxial film, but increases with the depth. It testifies that the
epitaxial film consists of a Nb layer (I) with a low defect density
and a defected Nb layer (II) adjacent to the substrate with a high
density of misfit dislocations.

The S parameter measured using positrons with certain
energy E in a system consisting of N layers can be expressed
as a superposition of the S parameters characteristic for each
layer

S(E) = So fo(E) + S1 fi(E) + - - + Sn fn(E), ey

where Sy denotes the S parameter of positrons annihilated
at the surface and S; is the S parameter for the ith layer. The
S parameters Sp and S; (i=1, ..., N) are internal character-

istics of the surface and the ith layer, respectively. They are
determined by the electron density and the concentration of
defects in the corresponding layer and are independent on the
positron energy. The fraction of positrons annihilating at the
surface and inside the ith layer, respectively, is denoted fy and
fi- Obviously fo+f1 +- - - +fny = 1. Higher positron energy leads
to higher positron implantation depth and also wider positron
implantation profile. In addition, thermalized positrons can dif-
fuse between the adjacent layers. Thus, the fractions fy, f; depend
on the positron energy and also on the positron diffusion length
in each layer. The S parameter measured at certain energy E
is given by the Eq. (1), i.e. it is a weighted average of the
S parameters of the various layers where positrons with such
energy annihilate. Fit of the experimental S(E) curves requires,
therefore, to consider positron implantation profile and to solve
positron diffusion equation for a layered system. In this work,
we employed the VEPFIT software package [10], which uses
the Makhovian positron implantation profile and solves numeri-
cally the positron diffusion equation. Detailed description of the
fitting procedure can be found in Ref. [10]. From fit of the S(E)
curves we obtained the S parameters characteristic for the lay-
ers considered in the model of the studied films, corresponding
positron diffusion lengths, and positions of boundaries between
the layers. In order to reduce the number of the fitted parameters
we fixed the positron diffusion lengths for the substrates and the
Pd cap at the values obtained from SPIS measurements of bare
substrates and a Pd film sputtered under the same conditions
as the Pd cap. In addition, we fixed the film thickness known
from the TEM measurements. In case of the nanocrystalline
films, we considered a three-layer model: 1-Pd cap, 2-Nb layer,
3-Si substrate. However, the three-layer model is inadequate
for the epitaxial films because of the additional defected layer
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Fig. 3. Dependence of the S parameter obtained from fits of the S(E) curves on H concentration: (A) Nb layer—nanocrystalline film, (B) Nb(I) layer—epitaxial film.

with misfit dislocations adjacent to the substrate. It was found
that the epitaxial films could be well fitted using a four-layer
model: 1-Pd cap, 2-Nb(I) layer with lower density of defects,
3-Nb(II) layer with a high density of misfit dislocations, and
four-sapphire substrate. The layer models of the studied films
are shown schematically in Fig. 2A and B (lower panel). The
fits of the experimental data are shown by solid lines in Fig. 2A
and B. From the fit, we obtained the thickness of the defected
layer Nb(II) adjacent to the substrate to be (100 = 20) nm.

The selected S(E) curves for H-loaded nanocrystalline and
epitaxial films are plotted in Fig. 2A and B as well. The §
parameter for the Nb layer, Snp, and the Nb(I) layer, Sno),
for the nanocrystalline and the epitaxial film, respectively, as
they were obtained from fits of the S(E) curves are plotted in
Fig. 3A and B as a function of H concentration xy. One can
see that the S parameter for the Nb layer is lowered in the films
loaded at low H concentrations. It indicates that similarly to
positrons also H is trapped at the open-volume defects, namely
at GBs in the nanocrystalline films, and at the misfit dislocations
in the epitaxial film. The presence of H bound to such a defect
causes an increase of the local electron density, which leads to
a decrease of positron localization and, thereby, to a decrease
of the S parameter. The relative decrease of the S parameter in
both films is approximately 2%. However, the S parameter val-
ues in the a-phase field are lower in the epitaxial film indicating
that there is certain fraction of positrons annihilating from the
free-state. The decrease of the S parameter caused by H trap-
ping at defects existing already in the virgin films is finished
at xg ~0.02 and 0.01 in the nanocrystalline and the epitaxial
film, respectively. A lower defect density in the epitaxial film
causes that all the available defects are filled with H at lower xy.
At higher H concentrations, the S parameter reaches a plateau-
like value suggesting that all the available open-volume traps
are already filled with H and the local H concentration in the
vicinity of defects reaches a steady state value. It should be
mentioned that Fukai et al. found an extraordinary high num-
ber of vacancies is introduced by high-pressure H gas loading
at high temperature [11]. Using PAS we found that vacancies
surrounded by four H atoms are created in bulk Nb also by elec-
trochemical H loading at room temperature [12]. The H-induced
vacancies are introduced at low H concentrations xyg <0.03 and
their concentration approaches 3 x 107> atom™" [12]. The SPIS

studies of the H-loaded bulk Nb performed in Ref. [12] showed
that such concentration of the H-induced vacancies causes an
increase of the S parameter by ~1.5%. We expect the similarly
to the bulk Nb samples, the H-induced vacancies surrounded by
four H atoms are created in the Nb thin films as well. However,
an important difference between the bulk Nb samples studied in
[12] and the thin films consists in the fact that the films contain
a significant concentration of defects already in the virgin state.
The Nb(I) layer in the virgin epitaxial film exhibits the S parame-
ter, which is by ~3.5% higher than that for the bulk Nb. It testifies
that defect density in this layer is higher or at least comparable
with the concentration of the H-induced vacancies. The defect
density in the nanocrystalline Nb layer is even much higher.
There are two processes acting against each other in the films
H-loaded in the a-phase field: (i) hydrogen trapping at defects,
and (ii) formation of the H-induced vacancy-4H complexes. The
process (i) causes a decrease of the S parameter, while the pro-
cess (ii) leads to an increase in S. Virtually all positrons in the
nanocrystalline film are trapped at defects (saturated trapping).
An addition of defects of similar kind cannot, therefore, change
the S parameter. Thus, although the H-induced vacancies are
formed, they do not cause an increase of the S parameter. On the
other hand, the epitaxial film exhibits still a certain fraction of
free positrons. Indeed, one can see in Fig. 3B that there is a slight
increase of the S parameter for the Nb layer at 0.01 <xy <0.03.
This increase is most probably due to the H-induced vacancy-4H
complexes.

The formation of the hydride-phase particles occurs at xg
larger than 0.25 and 0.06 for the nanocrystalline and the epitax-
ial films, respectively. It is known that dislocation loops may be
emitted by growing hydride particles. In addition, positrons can
be trapped at misfit defects at the interface between a hydride-
phase precipitate and the matrix. Indeed, as one can see in
Fig. 3A and B, the S parameter exhibits an increase when the
hydride-phase precipitates. Thus, we can conclude that the for-
mation of the hydride-phase particles leads to an introduction of
new open-volume defects.

4. Conclusions

In the present work, we performed defect studies of H-loaded
nanocrystalline and epitaxial Nb film with a thickness of 1.1 wm.
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The films exhibit a high density of defects already in the vir-
gin state. It was found that the H solubility in the a-phase in
the nanocrystalline film is four times larger than in bulk Nb.
The epitaxial film contains a defected layer with a high den-
sity of misfit dislocations situated close to the substrate, while
the remaining film layer contains substantially lower concen-
tration of defects. The SPIS measurements revealed that H is
trapped at open-volume defects at GBs and at the misfit dislo-
cations in the nanocrystalline and epitaxial films, respectively,
which is seen by a decrease of the S parameter. Formation
of the hydride-phase particles introduces new defects into the
films.
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