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1 Introduction

In the last decade a strong development in the nanomaterials field has been
observed due to the unique and specific mechanical and physical properties of these
nanomaterials comparatively to their coarser grain size materials [1-3]. On the other
hand, thin metallic films play also an important role in many areas of the electronic
industry for different applications, such as protective coatings [4], sensors [5] and
contacts [6, 7]. Particularly, nanocrystalline copper is a promising material for
automotive and electronic industries.

Among different fabrication processes, sputtering is well known for producing
nanocrystalline thin films. However, maintaining the nanocrystalline character
during processes or applications is still not an easy task due to the tendency towards
grain growth exhibited by nanomaterials (copper presents a low tendency for
nanocrystallity due to the high adatoms mobility). On the other hand, the addition
of solutes with a strong affinity for grain boundary segregation can inhibit grain
growth, particularly during the manufacturing process, but it is still not well known
the effects of impurities and dopants on the mechanical and physical properties of
the nanomaterial. The presence of doping elements during the formation of sput-
tered metallic films could have an important role on the grain size decrease,
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particularly if they present low solubility in the metallic matrix, as is the case of N
and C on Cu [8], and low tendency for the formation of compounds (Gibbs free
energy > 0).

Few years ago, nanocrystalline copper thin films were successfully produced by
magnetron sputtering through controlled additions of nitrogen in order to inhibit the
grain growth [9]. The most likely mechanism for the production of nanosized grains
was attributed to segregation of nitrogen to the copper grain boundaries anchoring
their movements and avoiding grain growth. However, it was impossible to
determine the localization of nitrogen, even after a detailed Transmission Electron
Microscopy (TEM) study. In fact, Energy Dispersive Spectroscopy (EDS) and
Electron Energy Loss Spectroscopy (EELS) analysis did not reveal any vestiges of
nitrogen inside the grains or in the grain boundaries [9].

Positron annihilation spectroscopy is a well established tool for the study of
electronic and defect properties of solids [10-12]. The crux of this technique is that
in solid materials positrons are efficiently trapped at defects such as vacancies or
voids, which makes them a very sensitive probe for studying these defects. After
trapping the positron will annihilate with an electron from the immediate sur-
rounding of the defect, thus producing two 511 keV gamma-photons. The
defect-related information is obtained from properties such as the lifetime of the
positrons, the Doppler broadening of the photo-peak, or the angular-correlation
between the two photons. Furthermore, the development in slow positron beam
methods allows the extension of traditional techniques to investigation of thin films,
layered structures and surfaces [12, 13]. Slow positrons are produced in an ultrahigh
vacuum environment by the slowing down of positrons from a 5 mCi ¥ emitting
%2Na source in a 4 pm thick polycrystalline tungsten moderator foil and subsequent
reemission of the positrons from the surface of the moderator. The positron are
magnetically guided and near the samples are accelerated by an electric field to
kinetics energies ranging between 50 eV and 25 keV entering into the sample.
Varying the incident energy results in a depth-resolved study of materials properties
in the first 1.5 pm surface region of the sample. (For full description of the Coimbra
variable energy positron beam, see Ref. [14].)

When positrons are implanted in a sample, the stopping profile is generaly
assumed to be Makhovian with a mean implantation depth approximately propor-
tional to E'®, where E represents the positron energy [15]. After slowing down and
some diffusion the positrons implanted in the sample either annihilate in a
defect-free region or become trapped in a defect and annihilate there. The energy of
the annihilation radiation of the positron may deviate slightly from the value of
511 keV as a result of the nonzero value of the momentum of the electron at the
moment of annihilation (Doppler broadening). The electron momentum distribution
in defects is in general different from the one in defect-free material, resulting in a
different Doppler broadening of the 511 keV annihilation peak. The momentum
distribution is characterized by the line shape parameters S(W) [12] defined as the
relative number of annihilation events in the centroid (wings) of the 511 keV line.
Annihilations with low (high) momentum electrons fall to the energy window of
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S(W). Therefore, mainly valence electrons contribute to S whereas only core
electrons are represented in W. The annihilation parameters at the defect can be
used as fingerprints of the open volume of the defects. The larger the open volume,
the lower the core annihilation parameter and the higher the valence annihilation
parameter. In general the S value is also proportional to the defect concentration in
the sample (although the proportionality is not necessarily linear), i.e., a higher
S corresponds to a higher defect concentration. A positron in a defect sees a
different electron density than in a defect-free material, owing to the lower con-
centration of core electrons. Generally, the most important effect of appreciable
positron trapping is a narrowing of the momentum curves and, therefore, a nar-
rowing of the 511 keV peak width, which is equivalent to an increase of the
S parameter [12]. The positron diffusion length is also dependent on the defect
density. A higher defect concentration leads to a shorter diffusion length.

S- and W-parameters measurements as a function of incident positron energy
give an indication of the depth-resolved defect regions in a sample [13].

Since nanocrystalline materials due to the small grain size contain a large free
volume fraction associated with grain interfaces, vacancies and nanopores [14—17],
which constitute trapping centers for positrons, can be study with positrons.

In the present study we employ positron annihilation Doppler broadening
measurements to charaterize the dependency of nitrogen content on the open vol-
ume defects present in nanocrystalline copper thin films and try to identify the
possible nitrogen location in these nanomaterials. The experimental details are
presented in Sect. 2. In Sect. 3 we present the results concerning the identification
of the positron trapping centers in the films. The conclusions are summarized in
Sect. 4.

2 Experimental

Copper and nitrogen doped copper thin films were growth onto glass substrate by
dc magnetron sputtering using a pure copper target. The nitrogen doped copper
films were produced in reactive mode using 1:60, 1:30 and 1:2 nitrogen/argon
partial pressure ratios (Pn2/Pa;). The thickness of films was measured to be between
2-3 um. The deposition was carried out at 0.3 Pa total pressure and applying to the
copper target a constant power density of 3.33 X 10* Wm™. During the deposition,
and to avoid the grain growth, the temperature of the substrate was maintained
lower than 373 K by promoting the heat flow through the substrate’s holder. The
sputtering chamber was evacuated to 2 x 10™* Pa before admitting pure argon and
nitrogen gases.
All the films studied in this work are identical to those used in Ref. [9].
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Carbon, hydrogen, nitrogen and sulphur contents of the N doped films were
determined by elemental analysis using a Fisons EA1108 mass spectrometer.

In situ positron annihilation Doppler broadening measurements as a function of
energy were carried out at room temperature with a magnetically guided slow
positron beam. The energy range of the implanted positron was between 0.1 and
25 keV. This energy range corresponds to a mean penetration depth, {z = 45 [E
(keV)]"¢ 10%}, of up to 0.8 pm in copper (assuming that the copper film density is
similar to bulk copper density, 8.92 g.cm™>). Positrons are stopped well before the
substrate since all the films are more than 2 pm thick. For each positron energy, the
511 keV annihilation line was measured using an intrinsic Ge detector with an
energy resolution of 1.2 keV at 497 keV gamma energy (‘**Ru). The measure-
ments were performed in the Coimbra Variable Energy Positron beam. This facility
provides positrons with a typical flux of 10* s™'cm™. The background pressure in
this vacuum system is about 10”7 Torr. The structural properties of the films are
investigated by implantation of monoenergetic positrons. After thermalization the
positron diffuse through the material. In defective materials most of them will be
trapped at defects. Ultimately, they annihilate with an electron, thus producing two
gamma-photons of about 511 keV. The information on the defects is obtained from
the Doppler broadening of the photo-peak, which is related to the momentum of the
annihilated particles.

The photo-peak is characterized using two parameters, the shape parameter
(S) and the wing parameter (W), defined in Fig. 1. The shape parameter is asso-
ciated with annihilation with low momentum (valence) electrons [12]. The wing
parameter corresponds to annihilation with high momentum (core) electrons [12].
Thus the information about the structure of defects of the thin films is provided by
the energy-dependent data, S(E) and W(E).
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3 Results and Discussion

The introduction of nitrogen in the sputtering chamber was successfully used to
produce nanocrystalline copper thin films. The presence of nitrogen, even in small
amount, results in a reduction in the grain size and, simultaneously, in a homo-
geneous grain size distribution as observed by Transmission Electron Microscopy
[9].

In Table 1 is presented the nitrogen content and the grain size of the films as a
function of the nitrogen/argon partial pressure ratio during the film deposition.
A continuous grain size decrease down to 30 nm is observed as the nitrogen content
increases up to 3.5 at.%. For the highest nitrogen content a slight grain size increase
is observed, which might be attributed to the formation of the CuzN nitride phase.
In fact, as previously reported in reference [9], for the highest Pno/Pa, ratio studied
a shoulder corresponding to the (111) plane of the CuzN phase is identified, besides
the fcc Cu phase. It must be reported here that the nitrogen content presented in
Table 1 is an estimated average value, since the observed nitrogen content value at
the top surface of the film is higher than that observed at the bottom where the film
began to grow. This gradient depends on the nitrogen content and it is larger for the
films richer in nitrogen.

In Fig. 2 the Doppler S parameter and W parameter values—as a function of
positron implantation energy—are shown for pure and for different nitrogen content
Cu thin films. As can, immediately, be observed the films with nanocrystalline
structure (3.5 and 7.0% of nitrogen content, respectively) reveal a quite different
S(E) and W(E) curves than the films with microstructure (pure copper and 1.5%
nitrogen content). Particularly, far from the surface of the film (positron energy
higher than 15 keV) the S-parameter value, Fig. 2a, is significantly higher for the
nanocrystalline films comparatively to the value of the same parameter for the films
with larger grain size.

The effect of increasing of the S—parameter value in the region of the film is
related to the presence of the large free volume fraction of these nanocrystalline
films comparatively to the microcrystalline ones, namely the presence of vacancy
type defects as will be discussed later. Also, Fig. 2a shows that the film with lower
nitrogen content has a similar S(E) curve as the pure copper film meaning that the
positron annihilates with pure Cu film characteristics. Analogous behaviour is
observed in W(E) curve.

Table 1 Nitrogen contend and grain size of pure and N doped Cu thin films deposited onto glass
substrate under different N,/Ar partial pressure ratio

Pno/Par Nitrogen average content (%) Grain size (nm)
0 - 480
1/60 1.5 140
1/30 35 30
12 7.0 50
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Using the VEPFIT code [18] to fit the S(E) curves showed in Fig. 2a, the
characteristic Doppler parameter, Sg,,, of each film were obtained and, also, the
positron diffusion length. Table 2 shows these parameters for all the films.
The analyses were performed considering one or two layers to characterize the
films: the films with microstructure (pure and with 1.5% N) were well defined
considering only one layer and for the films with higher content of nitrogen a
second layer (top layer, immediately below the surface) was needed to consider. So,
for the pure and low doped films the positron annihilate with 2 different charac-
teristic S—parameter values: surface and film; and for the high doped films a third
characteristic S—parameter value was needed, related to the top layer immediately
below the surface. The normalization of the S—parameter values of the films, Sgim,
to the reference pure copper (undoped) film value gives 1.001, 1.038 and 1.050 for
the films with 1.5, 3.5 and 7.0% nitrogen content, respectively. The increasing
observed in the S parameter for the films with higher nitrogen content is a typical
evidence of the presence of open volume type defects. The comparatively small
values of the diffusion length of the positron is an indication that positrons anni-
hilate in a saturation trapping regimen: all positron annihilate after to be captured in
some type of open volume defect.
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Table 2 Positron related parameters derived from VEPFIT analysis for pure and N doped Cu thin

films

Film Slay Lyay (nm) dyay (nm) Sfilm L (nm)
Undoped - - - 0.4679 (2) 23 (1)
1.5% at. N 0.4691 (9) 21 (2)
3.5% at. N 0.4388 (4) 12 (3) 17 (3) 0.4856 (3) 51 (17)
7.0% at. N 0.4523 (5) 10 (3) 15 (2) 0.4911 (3) 23 (9)

The determined parameters are the shape-parameter S for the top layer, Sj,y, and film, Sgjm,, and
thickness of top layer, dj,y, and diffusion length of positrons in the top layer, Lj,y, and in the film,
L. The surface S—parameter is not presented. The errors are also shown between parentheses

For nanocrystalline metallic materials, it has been reported in the literature
[16, 17, 19] the observation, mainly, of two positron annihilation lifetimes
associated with vacancy sized defects at the interfaces between grains
(r ~ 150-200 ps) and vacancy clusters or nanovoids (z3 ~ 300400 ps) at the
intersection of interfaces (triple-lines). Sometimes, a third components is referred
(r4 ~ 1-2 ns) as due to the large pores or missing grains [20].

The trapping of positrons at the interfaces between the grains it is expected to act
as a shallow trapping center [12, 21] and the S parameter observed from the anni-
hilation of positron trapped in these centers does not differ much from the free
nitrogen copper film, which can explain the similar S, values observed for pure Cu
and 1.5% N doped Cu film. Also, the positron diffusion length are quite similar (23 +
2 and 21 + 2 nm, respectively) in both films. In fact this value for the positron
diffusion length is much smaller than the one observed in defect-free metals (around
100 nm, [17, 19]) and since the grain size for these films are 480 and 140 nm
respectively, the results suggest that some king of positron trapping center (vacancy
type defect) must be present in these films. On the contrary, a high Sg), values is
observed for both 3.5 and 7.0% N doped films. These results reveal the presence of
vacancy defects, like vacancy clusters or nanovoids at the intersection of interfaces
(triple-lines) as observed in positron lifetime spectroscopy (73 ~ 300—400 ps)
experiments for nanocrystalline Cu [17, 19]. In fact, the existence of these nanovoids
was, clearly, observed in the our film with 7.0% nitrogen content by High Resolution
Transmission Electron Microscopy (HRTEM) as reported in reference [9]. The fit-
ting of the S(E) curves requires, at least for the nanocrystalline Cu thin films (3.5 and
7.0% of N content), a minimum of two layers to describe the films, which suggested
a non-uniform film structure in depth. It can be seen in Fig. 2, for incident positron
energy at around 2.5 keV, a minimum in the S(E) curve for these films. The fitted
thickness of the first top-layer is 15-17 nm and the positron diffusion length in this
layer is around 10-12 nm. This result suggests a strong trapping of positron in this
region with different positron annihilation characteristics. The application of the
S-W plot analysis allows clarifying this interpretation.

In Fig. 3 we have plotted the S(E) and W(E) data of the different copper thin film
as a trajectory in the S—W plane, using the implantation energy as a running
parameter. The arrows denote the direction of increasing implantation energy.
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The different trapping layers are characterized by (S, W) coordinates instead of a
single S-value. For example, for the high-energy implantation all positrons anni-
hilate with the S and W values characteristics of the film. In the S—W plane this is
seen from the clustering of the experimental data.

The convenience of interpretation of the S-W plot stems from the linearity
property of S and W which is a consequence of the particular choice of their
definition (Fig. 1) [22]. The value of this property for the interpretation of the
S-W trajectory can be seen as follows. Suppose that we have a system where the
positrons annihilate in two different trapping layers only, which will be designed
A and B. These layers are situated at different depth and are characterized by
different (S, W) coordinates, (Sa, Wa) and (Sg, Wp). The implanted positrons thus
will be distributed over the A and B layer. This distribution can be varied by
changing the implantation energy. Because of the linearity property of the shape
and wing parameters, such a variation corresponds to a straight line trajectory in the
S-W plane running from the coordinates (Sa, Wx) towards (Sg, Wg),

Sm=/faSa+ (1 —fa)Ss (1)
Wan=faWa+ (1-fa)Ws (2)

where fa denotes the fraction of positrons trapped in layer A and Sy and Wy, are the
measured values. The presence of an additional, trapping layer with another depth
distribution can now be immediately established from the trajectory: it should be
curved unless the characteristic (S, W) coordinates of this trapping layer is acci-
dentally located on the line (S5, Wa) — (S, Wg).

With the aid of the above interpretations of straight and curved trajectories, we
can easily explain our experimental data shown in Fig. 3. The S-W trajectories for
the pure copper and the 1.5% nitrogen content films show a linear behavior and this
can be interpreted as the positron annihilates either with the characteristic values of
the surface or of the characteristic values of the film:. the two annihilation places are
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surface and film. On the other hand, for the 3.5 and 7.0% nitrogen content copper
films the trajectory deviates from the straight line and shows a curved trajectory
revealing the existence of a third layer. This result is consistent with the analyses
referred above related to the fit of the S(E) curve that has revealed the existence of a
top-layer with a thickness of the about 15-17 nm. At very low energy the positron
annihilate in the surface of the film or in that top layer states and for higher energies
the positrons annihilate with the characteristic values of the film (clustering of
points).

In our opinion the reduction in the S parameter in the sub-surface region com-
paratively to the Sg, value must be related to the partial occupancy of the free
volume (vacancy clusters or nanovoids) with nitrogen. In fact, this behaviour agrees
with the observed gradient in nitrogen content reported before and it seems to
indicate that during the film deposition some of the nitrogen is released from the
bottom to the top of the film surfaces as was also reported in [23, 24]. This
hypothesis can be, eventually, confirmed by positrons measuring the S(E) and W(E)
curves in the bottom surface of the films, which will be one of the next steps of the
investigation.

4 Conclusion

The presence of nitrogen during the formation of Cu films by magnetron sputtering
had an important role decreasing the grain size and in the production of
nanocrystalline thin films. The positron annihilation measurements have identified
the interfaces between the grains and the nanovoids at the intersection of interfaces
as the main positron trapping centers and, consequently, the main lattice defects in
these films. A non-uniform film structure was also observed and it was related to the
gradient of the nitrogen content in depth. The reduction observed in the S parameter
near the top surface of the nitrogen doped films suggests the partial occupancy of
the open volume defects with nitrogen.
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