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Cu thin films sputter-coated on single crystals of silicon were implanted with 30 keV nitrogen ions under various doses from 1.9 x 107 to
5.7 10" ions/cm®. The prepared samples were subsequently annealed in nitrogen atmosphere. The grazing incidence X-ray diffraction
analysis revealed that in addition to the crystalline copper nitride phase, copper azides were developed by nitrogen ion implantation. With
an increase of the implantation dose to 2.3 x 10'® ions/cm?, much of the Cu film was transformed to the crystalline CusN phase.
Furthermore, the effect of nitrogen ion implantation on Cu thin films under various doses was investigated. The structural properties,
morphology and sheet resistance of samples were investigated by grazing incidence X-ray diffraction, atomic force microscopy, field
emission scanning electron microscopy and four-point probe techniques, respectively. In addition, the dependence of resistivity of the
implanted samples on the implantation dose as well as structural properties is discussed.

1. Introduction: During the last two decades, interest in copper nitride
(CuzN) thin films has been motivated by its potential applications
as a new material in the recording and electronics industries.

CusN is thermally unstable and decomposes at relatively low
temperatures into metallic copper and nitrogen [1-5]. The decom-
position can also be induced by irradiation with electrons [5] and
laser pulses [6]. This suggests possible applications in write-once
optical recording media [7] and electron-induced lithography [5].

CusN crystallises in a cubic anti-ReOs-type structure (with a lattice
constant of 0.3815 nm) where the face-centred-cubic close-packed
sites are vacant [3]. It is a metastable semiconducting material with
a theoretical energy gap of about 0.5 eV [8], whereas experimental
values are reported in the range of 0.25-1.9 eV [3, 4, 9-13]. In fact,
depending on the chemical composition and stoichiometry of Cu—N
compounds, their electrical and optical properties may change
remarkably. For instance, although Cu,N exhibits fully metallic pro-
perties [8], CusN behaves as a semiconductor [4, 13]. It is believed
that by changing deposition conditions, the stoichiometry of nitride
films can be tuned from nitrogen deficient to nitrogen rich [4, 12, 13].

The physical properties of CuzN films reported in the literature
are dispersed and inconsistent. For instance, the lattice constant of
cubic Cu;N varies from 0.3815 to 0.3885 nm [3, 14, 15], the elec-
trical resistivity spans a large range from 2 x 10> to 2 x 10> Q cm
[4,9, 10, 12—15] and the thermal decomposition temperature is esti-
mated to be between 100°C and 470°C [1-5, 7].

The large discrepancy in the reported data originates not only
from uncertainty in the analysing methods, but also from the un-
stable nature of CusN. In fact, the weak Cu—N bond is responsible
for the instability of CuzN [4, 10, 12]. Moreover, CuzN samples can
undergo immediate changes on irradiation of energetic particle
beams during material characterisation. Therefore, the measured
values of physical properties depend strongly on the sample condi-
tion and the employed analysing techniques [4].

Ion implantation is known as a powerful technique for inducing
the development of new phases in thin metal films or in the near-
surface region of bulk materials [16—18]. Direct nitrogen implant-
ation into metals can lead to the formation of metal nitrides at
room temperature, while employing conventional techniques such
as nitriding for the synthesis of most metal nitrides requires high-
temperature processing [16].
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The aim of the work reported in this Letter was to investigate the
effect of direct nitrogen ion implantation in sputtered copper films
on silicon. We report the formation of the nitride phase in Cu
film and its dependence on the nitrogen ion dose. The structural
properties, surface morphology and electrical properties of modified
Cu films as a function of the nitrogen ion dose are studied.

2. Experimental procedure: Thin films of copper were deposited
by the single ion beam sputtering method onto Si (1 0 0) substrates
(p-type, 1-3Qcm, 0.8x0.6x0.25cm®) at 300°C. Prior to
deposition, Si substrates were ultrasonically cleaned in acetone
and ethanol. During sputtering, pure argon is admitted to the
chamber at a flow rate of 20 sccm to maintain a pressure of
1.16 x 1072 Pa inside the chamber. The incident ion current on
pure copper target was kept fixed at 20 mA for all the prepared
samples.

Two series of samples were prepared. In the first series, the sput-
tering time was 30 min and the Cu films were 620 nm-thick mea-
sured by a stylus profilometer (Dektak III). In this series, one of
the samples was retained as the untreated reference and the others
were implanted by nitrogen ions produced by a Kaufman ion
beam source at various doses ranging from 1.9 x 10'7 to 5.7 x
10" jons/cm? as indicated in Table 1.

The energy of the nitrogen ion beam was set at 30 keV during
bombardment of the Cu/Si system. The nitrogen current density
of 8.7 pA/cm? was kept constant for all the implanted samples of
the first series. Owing to the ion bombardment, the temperature
of the Cu films was measured to increase up to 115°C. After the
nitrogen ion implantation, samples of the first series were annealed
at 200°C in nitrogen atmosphere for 120 min.

For preparation of the second series of samples (samples M, and
M,), sputtering time was reduced to 15 min. Therefore, thinner Cu
films (390 nm thick) were deposited on the Si substrates. One of the
samples was retained as a reference and the other one (sample M;)
was implanted by nitrogen ions at the dose of 2.3 x 10'® jons/cm?.
The energy of the nitrogen ion beam was again 30 keV and the
current density was 175 pA/cm?. Sample M; of the second series
was annealed at 200°C in nitrogen atmosphere for 180 min. The ex-
perimental parameters for the preparation of the nitrogen implanted
Cu/Si samples are outlined in Table 1.
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Table 1 Experimental parameters for preparation of nitrogen implanted Cu/Si samples, subsequently annealed at 200°C

Sample code  Dose, ions/cm®  Nitrogen ion energy, keV  Implantation time, min ~ Cu/Si temperature during ion implantation, °C  Annealing time, min

Ay untreated untreated -

A, 1.9x 10" 30 60
A, 2.8x 10" 30 90
As 3.8x10" 30 120
Ay 5.7x10"7 30 180
M, untreated - -

M, 23x10'"® 30 180

100 120
110 120
110 120
115 120
125 180

The structural and electrical properties of the samples were invest-
igated with different methods. The microstructure of the samples
was investigated using the grazing incidence X-ray diffraction
(GIXRD) technique. The X-ray diffractometer was a Philips
X’pert system using CuKe radiation (wavelength=1.5405 A and
incidence angle=1°) with a tungsten filament at 40 kV, 30 mA
and step size of 0.02°. The morphology and roughness of the
samples modified by ion implantation were studied using atomic
force microscopy (AFM) and scanning electron microscopy
(SEM), respectively. The employed facilities were AF microscope
(SPM Auto Probe CP, Park Scientific Instruments, USA) with a
low-stress silicon nitride tip of less than 200 A radius and a tip
opening of 18° and a field emission scanning electron microscope
(FE-SEM, Hitachi S4160, Japan). The AFM analysis was carried
out at contact mode with a scan size of 5 x 5 um?. The sheet resist-
ance, Q/[], of the films was measured using a four-point probe tech-
nique [Signaton, Keithley 224 programmable current source and
196 digital multimeters (DMMs)].

3. Results and discussion

3.1. Crystallography and nanostructure of the films: Figs. 1a and b
show the GIXRD spectra of untreated and implanted—annealed Cu
thin films as a function of nitrogen dose in the two series of
samples. The spectra are limited to a region from 26=20° to 60°.
In the samples of the first series (Fig. 1a), the prominent peaks
are Cu (1 1 1) and Cu (2 0 0) for all doses. In the untreated
sample of the second series (i.e. sample My), the intensity of the
observed Cu peaks is lower than those of sample A, because of
the lower Cu film thickness in sample M,. Furthermore, the peak
of CuO is observed in both the implanted and the untreated
samples in the first series (Fig. la) as well as the untreated
sample in the second series (Fig. 1b). Development of copper
oxides in the untreated and implanted samples of both series
could be justified by the presence of oxygen as an impurity both
in the experimental chamber and in the argon and nitrogen supply
cylinders employed for sputtering and ion implantation.

The GIXRD spectra of the implanted samples show that copper
azides such as CuN; with a tetragonal structure and CulNg with an
orthorhombic structure in both series of samples are developed after
the post-implantation annealing process. These results indicate that
the nitrogen content of post-implanted annealed Cu films in both
series have reached the value which is required for the stoichiomet-
ric development of the copper azide phase (CuN3). According to the
literature, this value is 18% nitrogen in Cu [19]. A small peak of
CusN (2 0 0) was also observed at 260 =47.78° for all the implanted
samples. Nitrogen is reported to be insoluble in copper using con-
ventional techniques [1].

However, it can form metastable compounds with copper by ion
implantation [18]. As mentioned in the literature [20], the enthalpy
of the formation of Cu;N is +47.5 kJ/mol. In fact, owing to the high
positive values of enthalpy (AHy) reported for copper azide (+253.1
kJ/mol) [21], formation of these phases cannot be predicted by the
conventional principles of equilibrium thermodynamics.

As can be seen in the GIXRD spectra of Figs. 1a and b, direct
nitrogen ion implantation could lead to the formation of these
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phases. The reaction energy for the formation of copper azides is
likely provided by ion implantation to overcome the undesired
thermodynamic factor [22].

Using the SRIM or TRIM2000 code (http:/www.srim.org), the
average projected range and straggling of the 30 keV nitrogen ion
implanted in Cu thin films was found to be R,=32.4nm and
AR, =24.1 nm, respectively. Since the depth of the implanted
ions is much lower than the Cu film thickness, only a very thin
layer of Cu film is nitrided and the rest of the Cu film remained
intact. This is why the Cu peaks could be observed even in the
GIXRD pattern of the sample with the highest dose of implantation
in the first series (Fig. 1a).
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Figure 1 XRD patterns

a Sample A, untreated 620 nm-thick Cu film and samples A;—A4, Cu films
implanted with nitrogen ions at different doses of 1.9 x 10'” to 5.7 x 10'7
ions/cm? and subsequently annealed at 200°C for 120 min

b Sample M, untreated 390 nm-thick Cu film and sample M;, Cu film
nitrogen implanted at the dose of 2.3 x 10'® jons/cm?, and subsequently
annealed at 200°C for 180 min
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Fig. 1b shows the XRD spectra of samples M, (untreated) and
M, (implanted—annealed). It is clear that the Cu film of sample
M, is grown as polycrystalline similar to that of sample Ay, al-
though due to its lower thickness, the intensity of the copper
peaks is less intense. In the XRD spectrum of sample M,, which
is nitrogen implanted with 2.3 x 10'® jons/cm® and post-annealed
at 200°C in nitrogen atmosphere for 180 min, several peaks includ-
ing the preferred orientation of CuzN (2 1 0), as well as copper azide
peaks of CuNg (7 0 3), CuN3 (22 0), CusN (33 2)and CuN; (43 1)
are observed. On the other hand, in the XRD spectrum of sample
M, no peak corresponding to Cu is observed. This means that a
higher thickness of Cu film in this sample is converted to the
Cu;N phase in comparison with the samples of the first series.
This is because the dose and annealing time in the second series
are higher than in the first series. In fact, increasing the dose inten-
sifies the formation of the Cu;N phase. Moreover, the augmentation
of annealing time from 120 to 180 min can result in the higher pene-
tration of nitrogen atoms into the Cu film [23], leading to more crys-
tallisation of the CuzN amorphous phase because of surface
diffusion and bulk diffusion [24]. As mentioned earlier, the
thermal instability of CuzN film because of irradiation with elec-
trons or laser pulses leads to its decomposition into metallic
cupper and nitrogen. This behaviour of Cu;N could be exploited
in a number of applications such as optical recording and electron
lithography [5, 7].

The surface morphology of the untreated and post-implanted
annealed Cu films in the two series of samples was studied by
AFM in a scanning area of 5 x 5 um>.

In Fig. 2, three-dimensional (3D) AFM images of untreated and
nitrogen ion implanted Cu/Si (1 0 0) samples are shown. The large
grain size and the presence of deep grooves in the 3D images of the
untreated Cu/Si sample (sample Ag) in Fig. 2a reveal that the
surface diffusion of sputtered adatoms during sputtering has led
to the adhesion of adatoms to previously formed grains rather
than filling the grooves. The grain size of films obtained from the
2D AFM images using the Gwyddion code in the first series
before implantation is about 200 nm and shows no significant vari-
ation after the post-implantation annealing process up to 5.7 x 107
ions/cm?. At 5.7 x 10'7 ions/cm?, the grain size is reduced to 170
nm. In the samples of second series, a decrease of grain size from
70 to 50 nm is also observed after ion implantation. This reduction
in grain size is due to the grain boundary sputtering and etching
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Figure 2 3D AFM images of samples
a Ay, untreated Cu/Si with 620 nm-thick Cu film
b Ay, nitrogen implanted Cu/Si with 5.7 x 10'7 ions/cm® and annealed at
200°C for 120 min
¢ My, untreated Cu/Si with 390 nm-thick Cu film

d M,, nitrogen implanted Cu/Si with 2.3 x 10'® jons/cm? and annealed at
200°C for 180 min
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process which becomes significant at high doses. According to
the AFM results, the average roughness of the films in the first
series is about 20 nm for samples A;—Aj; and then increases to
28 nm at 5.7 x 10'7 jons/cm? for sample A4 probably because of
the different sputtering rates of the film surface.

It seems that the grooves present at the surface of sample A, have
a sputtering rate higher than the grown grains. The grains of sample
M, in comparison with those of sample M, seem to be less uniform
in size and shape (Figs. 2c and d) because of the formation of new
phases after the post-implantation annealing process as revealed by
the XRD patterns. In the second series, the average roughness
decreases from 22 to 9 nm after implantation. As shown in
Fig. 2d, the appearance of small grains, which is probably due to
the formation of the new phase, results in the reduction of
average roughness by filling the grooves and the cavities on the
surface of the films. Fig. 3 shows SEM images of the untreated
Cu/Si sample with the 390 nm-thick Cu film (sample My) and the
Cu/Si sample implanted at the dose of 2.3 x 10'®ions/cm?
(sample M,).

Observation of the grooves on the surface of the untreated sample
in Fig. 3a indicates that Cu films agglomerate into discrete islands
and Cu film grows as the islands layer [25]. Moreover, the presence
of nanometre-sized grains in the channels and on the larger grains
shows that this sample is in the secondary nucleation process
while the film is grown non-uniformly.

As we can see in Fig. 3b, the surface morphology of the Cu film
is completely changed from a slice-like structure to a uniform struc-
ture composed of many crystallites on the surface after the post-
implantation annealing process. It seems that the space between
the slices is filled by the atoms which are displaced on the
surface by the ion energy transfer mechanism and generation of
the new phases.

3.2. Electrical properties of the films: The sheet resistance of the
untreated and post-implanted annealed Cu films against the
nitrogen ion dose for the samples of series 1 is shown in Fig. 4.
As can be seen in this Figure, nitrogen ion implantation leads to
an increase in the sheet resistance of the copper films. In the
samples of series 1, a maximum sheet resistance of 0.11 Q/[] is
measured for the 620 nm-thick copper film which is implanted
with the nitrogen ion dose of 5.7 x 10'7 ions/cm?. It is evident
from Fig. 4 that the sheet resistance values have an ascending
trend with the increase of the nitrogen ion dose.

The increase in the sheet resistance of metals may be due to
several reasons as follows:

(i) By introduction of nitrogen, sheet resistance increases since ni-
trogen as an impurity leads to an increase in the electron scattering.
The electrical resistivity of metals results from the scattering of

a

Figure 3 FESEM images of Cu/Si (100) samples

a Untreated sample with 390 nm-thick Cu film

b Implanted sample with 2.3 x 10'® ions/cm?, subsequently annealed at
200°C for 180 min
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Figure 4 Variation of sheet resistance of untreated (sample A,) and post-
implanted annealed Cu films (samples A;—A,) against ion implantation
dose in the samples of seriesl

electrons. The electronic wave can be scattered by interaction with
impurity atoms owing to the electrostatic forces.

(ii) Ion implantation leads to the development of crystalline defects
and dislocations as well as surface erosion of the films [16]. These
defects act as a barrier against movement of carriers. By increasing
the implantation dose, surface roughness of the ion implanted
copper films increases. This could in turn increase the surface scat-
tering and thus reduce the conductivity and increase the sheet resist-
ance of the films. In our case, the effect of roughness on increase of
sheet resistance could be neglected since the variation of roughness
at different doses is not significant.

(iii) XRD results confirm that nitrogen ion implantation and subse-
quent annealing lead to the formation of Cu;N composition and
copper azides. They also show that a higher ion implantation
dose intensifies the formation of copper azides and CusN phases.
As the CuzN phase shows semiconductor behaviour [4, 13], devel-
opment of Cu;N results in an increase in the sheet resistance of the
implanted copper film. Of course, the presence of various other
phases including copper azides — whose lattice structures (tetragon-
al and orthorhombic) and lattice constants are different from those
of Cu and CuzN — could also be regarded as a major reason for the
increase in sheet resistance of the film [14].

From the data shown in Table 2, it is evident that the sheet resist-
ance of sample M, in the second series is considerably increased
compared to that of untreated copper film and those of post-
implanted annealed copper films in the first series (Fig. 4). The
abrupt and considerable increase in sheet resistance in Table 2
could be assigned to the disappearance of the Cu phase on the
surface and the formation of a preferential semiconducting phase
of CusN as well as the formation of compositions such as CuN3
and CuNg.

We notice that sample A (620 nm-thick copper film) has a sheet
resistance of 4.5 x 107> Q/[] and resistivity of p=2.8 pQ cm and
sample M, (390 nm-thick copper film) has a sheet resistance of

Table 2 Comparison of sheet resistance (€2/[]) of untreated (sample M)
and implanted-annealed (sample M;) samples in the second series

Sample code Sheet resistance, Q/[]

Ao 4.5% 1072
M, 0.63
M, 3.75% 10"
920
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6.3 x 10™" Q/[] and resistivity of p =24.57 uQ cm. Also, the resist-
ivity of sample A, is still higher than the resistivity of bulk copper
(1.67 uQ cm) [26, 27].

Based on the literature [28, 29], the resistivity of a film depends
on electron scattering on the surface, interface and grain boundary.
Increase in the resistivity of copper film compared to that of bulk
copper may be due to degrees of irregularities and defects such as
voids and impurities in the copper film. The presence of CuO and
Cuy0O; phases in the XRD pattern of the prepared films could
also be a reason for the higher resistivity of copper film. Anyway,
the effect of film density on resistivity could also be discussed
[27]. By comparison of the sheet resistance of sample M, (390
nm-thick copper film) with that of sample A, (620 nm-thick
copper film) in Table 2, one could readily find that the sheet resist-
ance of copper film in the second series of samples is nearly two
orders of magnitude higher than that of copper film in the first
series of samples.

It is well known that in metallic films grown under similar con-
ditions, thicker films result in lower resistivity of films [26, 29].
This is because of interface electron scattering and grain boundary
scattering which could be explained by the FS-MS combined theory
[29].

The higher sheet resistance could be assigned to the higher scat-
tering of electrons in the thinner films. It should also be noted that
the grains of the copper film in sample M, are smaller compared to
those of sample A, because of the longer deposition time of sample
Ay (30 min) compared to that of sample My (15 min) [26]. In fact,
in samples with smaller grains, one could expect higher sheet resist-
ance as the electrons are faced with more grain boundaries and are
therefore scattered more.

4. Conclusion: In this Letter, the nanostructure and electrical
properties of post-implanted annealed Cu films by 30keV
nitrogen ions with different doses have been discussed. For this
purpose, two series of samples were prepared with deposition of
620 nm- and 390 nm-thick Cu films on Si substrates. The
post-implantation annealing for both series of samples was
performed at 200°C. The GIXRD patterns confirmed that
nitrogen ion implantation at all the applied doses could produce a
copper azide phase which was intensified by increasing the ion
implantation dose. They showed formation and crystallisation of
the CuzN phase at the dose of 2.3 x 10'® ions/cm? and annealing
time of 180 min at 200°C. According to the AFM results, after
post-implantation annealing, the overall trend was a decrease in
grain size and the roughness of the copper films. The sheet
resistance of the samples in both series increased with increase of
the nitrogen ion dose in comparison to that of untreated Cu film
because of nitrogen incorporation and the development of CuzN
as well as the copper azides phase. The sheet resistance variations
showed that a higher resistivity can be obtained at higher ion
doses and higher annealing time because of the formation of
more CuzN phases with a semiconductor characteristic. Based on
the obtained results, it can be concluded that direct nitrogen ion
implantation followed by post-implantation annealing could be
utilised to transform a given copper film to a nitride film by the
adoption and implementation of proper ion implantation
conditions (energy and dose) as well as suitable annealing
parameters (temperature, atmosphere and duration).
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