Arch. Metall. Mater., Vol. 61 (2016), No 2B, p. 1031-1038

DOI: 10.1515/amm-2016-0174

G. SZWACHTA***# M. GAJEWSKA**, S. KAC*

GROWTH AND CHARACTERISATION OF PULSED-LASER DEPOSITED TIN THIN FILMS
ON CUBE-TEXTURED COPPER AT DIFFERENT TEMPERATURES

High-quality titanium nitride thin films have been grown on a cube-textured copper surface via pulsed laser deposition.
The growth of TiN thin films has been very sensitive to pre-treatment procedure and substrate temperature. It is difficult to grow
heteroexpitaxial TiN films directly on copper tape due to large differences in lattice constants, thermal expansion coefficients of
the two materials as well as polycrystalline structure of substrate. The X-Ray diffraction measurement revealed presence of high
peaks belonged to TiN(200) and TiN(111) thin films, depending on used etcher of copper surface. The electron diffraction patterns
of TiN(200)/Cu films confirmed the single-crystal nature of the films with cube-on-cube epitaxy. The high-resolution microscopy
on our films revealed sharp interfaces between copper and titanium nitride with no presence of interfacial reaction.
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1. Introduction

For many technologies, the integration of materials which
are chemically incompatible is meaningful task, due to existence
of destructive interfacial reactions or negative contamination.
Sometimes, such integration should simplified transfer of novel
thin films to other substrates after the cost-effective wet etching
of chemical active interface. In case of pure copper, applications
where such chemical barrier are needed to separate the metal
from other materials contain semiconductor interconnects [1-3],
coated high-temperature superconducting tapes [4-10] and CVD-
grown graphene [11,12]

Since 1996, the developing of barrier layers as well as
the complex heterostructures for metals has especially began
important for high-temperature superconducting tapes based on
epitaxial superconducting films on flexible biaxially textured
substrates [13]. In high-temperature superconductors, the super-
conducting critical current density in thin films can be limited by
the presence of large angle grain boundaries [ 14]. Fortunately, in
Rolling-Assisted Biaxially Textured Substrates (RABiTS) tech-
nology this structural defect could be eliminated through epitaxial
growth of buffer and superconducting films onto flexible tape.
Moreover, those tapes are crystallographically textured during
thermo-mechanical processing [15]. The development of a super-
conducting wire technology that is useful at liquid nitrogen tem-
peratures have significant circumstance for global development.
That began the unprecedented progress in the creation of long
biaxially textured coated conductors in high-tech industry [16,17].

Presently, this technology has focused on epitaxial thin films
deposited on biaxially textured Ni or Ni-based alloy substrates
[18]. Unfortunately, many nickel alloys are ferromagnetic materi-
als, what provide to potential limitations related to ferromagnetic
hysteretic losses in the substrate [19]. The use of diamagnetic
Cu tapes as the base metal substrate avoids those limitations.
However, an apparent difficulty with copper is the oxidation of
the metal surface [4]. The oxidation of Cu proceeds rapidly even
at minimal oxygen partial pressure [20-22]. The crucial issue is
not only oxidation of the substrate surface, but also diffusion
of copper into the other layers [23]. The formation of a metal/
nonmetal heteroepitaxial multilayer is indispensable, because
the grain boundaries are fast diffusion paths, although deposi-
tion of any films is such complex system presents additional
challenges [24-26]. To address the need to suppress diffusion
of both oxygen and copper, the epitaxial growth of MgO/TiN
on Cu was proposed firstly in 2003 by Cantoni and co-workers
[5]. Magnesium oxide is an excellent barrier to oxygen diffu-
sion. Titanium nitride have the lattice constant similar to MgO,
while at the same time exhibiting a high resistance to copper
diffusion [10]. However, issue with a detrimental decomposition
of titanium nitride in high oxygen partial pressure was reported
[5,8,10]. Titanium nitride has the high tendency to decompose
on nitrogen gas and titanium oxide. Unfortunately, the reaction
of TiN films with oxygen is thermodynamically favorable, and
the fast oxidation will occur when temperature is higher than
400°C [27]. Additionally, Cantoni [5,8] reported that hetero-
epitaxial titanium nitride film is able to significantly improve
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in-plane alignment. It was unique, due to commonly reports
about improvements in the out-of-plane texture of thin films
as compared to metal substrate. However, the origin of this
enhancement is still unclear. As was found [5], the TiN/Cu
interface has been wavy and rough, but even then diffusion of
copper had been suppressed. Such roughness likely originates
at the Cu film surface and is retained in the growing TiN film.
For this reason, the copper tapes surface preparation is very
significant step [28,29]. Cantoni [5] connected this phenomena
with roughening of the TiN film, which could be result from
the disparity of titanium nitride thermal expansion compared
with copper. Lu et al. [12,30] results show that the surface of
the copper tape at high temperature change with the cooling
rate after graphene growth and its structure is also affected by
the presence of graphene. They confirmed that different thermal
coefficient could lead to generation of compressive stress during
cooling. Consequently, depending on the substrate temperature
and cooling rate, the direction of thin film growth can be differ-
ent. Moreover, the copper grains oxidized at ambient conditions
through the graphene grain boundaries and this same phenomena
should occur onto TiN/Cu interface. The oxidation rate has been
depended on the nature of interaction of the graphene layer
with the Cu. Such comprehensive research of TiN/Cu interface
was not never done before. Hitherto, the influence of titanium
nitride interaction with copper during and after deposition as
well as present of misfit dislocations on the thin film growth and
diffusion process is not known, as was for example previously
presented for the Cu/TiN/Si, Cu/MgO/TiN/Si or CVD-grown
graphene/Cu systems [12,31,32].

2. Experimental

The copper tapes were prepared by cold rolling of com-
mercial flat bar (99.9% purity), 5 mm in thickness and final
wide of the tape was 10 mm. Before the rolling, the bar has been
recrystallized via heating at 250°C at 30 min. Afterwards, copper
bar was rolled down at room temperature to 50 pm thicknesses at
small pass reductions until a deformation of 99% was achieved.
The tapes were annealed in a vacuum furnace (1077 Torr) at 1 h
for recrystallization and formation of cube texture. The TiN films
were grown by means of the pulsed laser deposition (PLD) onto
flexible copper tape, using the 248 nm excimer laser system
(Coherent COMPexPro 110F) operated at an energy density of
~3 Jem2, a pulse width of 20 ns, and a repetition rate of 10 Hz.
The target was stoichiometric titanium nitride (99.9% purity) in
form of ceramic disk (Able Target Limited, China) with 1 inch
in diameter and 0.5 cm in thickness. The copper substrates were
ultrasonically cleaned with acetone and methanol for 10 min.
Prior deposition of thin film, removal of copper oxide with
hydrochloric acid (1:2 and 1:5 water-to-acid proportion) was
performed at room temperature (so-called pre-treatment pro-
cedure). Post-acid exposed copper surface was not rinsed with
DI water, but only dried with a nitrogen gas flow. After that, it
was transferred to the high-vacuum chamber, immediately. The

substrates were placed parallel to the target surface at a distance
of 5 cm, and later the deposition chamber was initially evacuated
to 5 x 1077 Torr. The deposition temperature for the copper tapes
were 400-600°C and deposition process occured in a nitrogen
background pressure of 5 x 10 Torr. The substrate cooling step
with rate fixed for all sample at 15°C/min has been performed.
After the deposition, the thin films was investigated using
X-ray diffractional 6/26 scan (XRD, Panalytical Empyrean DY
1061), providing information on the phase composition and
out-of-plane orientation. The X-ray diffraction experiments was
carried out with using the Cuy,, radiation (1.54 A), and a nickel
filter. The morphology and topography of surface were investi-
gated with the scanning electron microscope (SEM, FEI Inspect
S50) as well as the atomic force microscopy (AFM, Veeco
Dimension® Icon™ SPM) using tapping mode with amplitude
modulation. The nature of epitaxy in these films was also studied
using a cross-section samples in the 200 keV high-resolution
transmission electron microscope (HRTEM, FEI Tecnai TF 20
X-TWIN) with point-to-point resolution of 0.25 nm and high-
angle annular dark field (HAADF) detector in STEM mode. The
thin foils were cutted out with focused-ion beam device (FIB,
FEI Quanta 3D 200i) equipped with OmniProbe lift-out system.
The thin films surface was covered by platinum mask with an
additional carbon layer as protection during FIB preparation.

3. Results

Figure 1 presents a (111) pole figure for a cube-textured
Cu (99,9%) tape produced by cold rolling to 99% deformation
followed by recrystallization at 800°C for 1 h. The (111) peak
positions indicate the existance of only the {100}<001> cube
orientation. Typical grains sizes are in the range of 80-120 um.
Recrystallized tapes have root-mean-square (RMS) surface
roughness of 17 nm, determined using an atomic force micro-
scope.
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Fig. 1. (111) X-Ray pole figure for a rolled and a recrystallized Cu tape
(TD — traverse direction, RD — rolling direction)



After deposition the colour of surface of copper have
became lustreless gold. The morphology of the TiN/Cu film as
well as Cu tape is shown in the scanning electron microscopy
micrograph of Figure 2.

Fig. 2. SEM micrograph of a Cu tape (left side) and a TiN thin film
(right side) deposited onto the cube-textured Cu substrate. The bright
particles on the Cu tape as well as on the TiN thin film surface are
contamination from air
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Titanium nitride film reproduces exactly topography of the
copper substrate. The micrograph reveals existence of typical
linear rolling marks. As was previously observed by Cantoni [5],
in as-rolled copper tapes the deep and round pits can exist. Those
pits are the result of impurities present on the Cu tape during the
rolling (such as oxides, etc.). Surprisingly, the very low amount of
bright and large particles on thin films surface were observed. It
is always challenging for pulsed-laser deposited films to achieve
a droplet-free surface [33]. The origin of those surface contami-
nations are air and others environment sources. At this point it
should be mentioned that the roughness measurements were
tricky to performed, because the very elaborate and wavy surface
of copper tapes have been occurred. The AFM surface analysis
revealed presence of two main types of topography (Fig. 3).

First one was composed with elongated, flat grains and deep
slips, which have formed a terraces-and-steps-like structure,
which resemble the surface of the copper tape surface. Such
structure have been dominating in samples etched by HCI 1:5
(Figs. 3a-c). The roughness of this structure was much higher than
cube-textured tape (Table 1). However, the value of RMS was
decreasing when substrate temperature was increasing. Second
topography was aglomerated packages of TiN particles, typical
structure for samples etched by HCI 1:2 (Figs. 3d-f). The pas-
sages between the pathways were very smooth and the nitride
seems to filled them full. The smoothness of these thin films was
much better than cube-textured tape and samples with TiN(200)
thin film (Table 1).

224.1 nm
67.7 nm

56.4 nm
93.5 nm

Fig. 3. Typical atomic force micrographs (3-D views, 1x1 um?) of the TiN thin films after pre-treatment in HCI 1:5 and deposited at (a) 400°C,
(b) 500°C and (c) 600°C as well as after pre-treatment in HCI1 1:2 and deposited at (d) 400°C, (e) 500°C and (f) 600°C. Note the use of different

scale bars
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TABLE 1

RMS measurements results obtained for cube-textured copper tape
as well as TiN(200)- and TiN(111)-oriented thin films

Sample Ry/RMS [nm]

Cu{100}<001> 17
TiN (HCI (1:5), 400°C) 26
TiN (HCI (1:5), 500°C) 19
TiN (HCI (1:5), 600°C) 16
TiN (HCI (1:2), 400°C) 11
TiN (HCI (1:2), 500°C) 12
TiN (HCI (1:2), 600°C) 14

The X-Ray diffraction patterns (Figs. 4a-c) obtained
from TiN/Cu thin films (acid-etched by HCI 1:5) show that
the presence of the same sets of lines, which can be matched
with TiN(200) and Cu(200) peaks. Moreover, the increasing of
intensity of this peak, when substrate temperature increased is
indisputable. The TiN(111) peak have not been observed, not-
withstanding, it may appear even in good quality of copper-based
coated conductors [10].

] : ) ; i
= H HIRE H 5
iz iz izl g iz 2
Ha - P = V= Fli
= ! : : ' ! k
o : : : :
’: ' ' ¥ ' W
% | ! : 1 ; :
| ; : ; :
-] i i [ N ¥
- . ' " - :
= S Vol : :
(c) : U] i :
P FPIOTY ) VO [ NP R S

36 38 40 42 44 46 48 S0 36 38 40 42 44 46 48 S0
20 %]

Fig. 4. X-ray diffraction for the TiN on cube-textured Cu tape deposited
with different pre-treatment procedure and on variable substrate tem-
peratures. The HCI 1:5 acid-etched tapes with TiN thin films deposited
at substrate temperatures (a) 400°C, (b) 500°C, (c) 600°C as well as the
HCI 1:2 acid-etched tapes with TiN thin films deposited at substrate
temperatures (d) 400°C, (e) 500°C, (f) 600°C

Fig. 5. (a) The typical cross-sectional BF TEM image and (b) STEM image acquired with HAADF detector of a TiN(200)/Cu{100}<001> thin
film. (c) The [110] zone-axis SAED pattern of Cu{100}<001> tape. (d) The [110] zone-axis SAED pattern of a TiN(200)/Cu{100}<001> thin
film, in which the diffraction patterns spots corresponding to TiN (red) and Cu (green) are labelled



Contrary to that, in TiN/Cu thin films (acid-etched by HCI
1:2) the present of TIN(111) peak have been observed. The inten-
sity of this peak is also changing with increasing of substrate tem-
perature. The TiN(200) peak is absent in those diffraction patterns
except the unsettling peak which appeared for low-temperature
deposited thin film (Fig. 4d). In both cases, the increasing of
peaks intensity can be connected with improvement of crystallity
and density of thin films. No evidence of additional phases or
interfacial reaction products was observed in the XRD patterns.
The TiN thin films deposited onto HCI 1:5 acid-etched tapes have
demonstrated the preferential orientation (h00), normal to the
Cu(200) substrate, suggesting the heteroepitaxial growth. The
out-of-plane lattice parameters of samples are smaller than that
(4.24 A) of bulk TiN [10] and the position of TiN(200) as well
as TiN(111) peaks is shifting to the lower angles with function
of substrate temperature. This shift was smaller if TiN thin films
have been deposited on higher temperature.

The crystalline quality and epitaxial orientation relationship
of the pulsed-laser deposited TiN films were also investigated
using HRTEM. Figure 5a shows the typical cross-sectional bright
field (BF) TEM image of TiN(200)/Cu{100}<001> deposited
at 600°C.

The platinum and graphite layers were deposited onto foil
for protection during the FIB sample preparation process. The
thickness of TiN thin films are estimated to be ~75 nm. All
thin films are uniform and continuous, moreover, even on the
waviness, the thickness and continuous of thin films have been
preserved (Figs. 5a,b). Figure 5b shows a low-magnification
Z-contrast image of the TiN(200) thin film grown on the Cu
substrate (600°C). The interface shown appear clean and there
is no evidence of detrimental reactions or interdiffusion between
the thin film and substrate. However, the observation of BF
and HAADF images revealed existence of second type of thin
films structure, which have grown on 50 nm of heteroepitaxial
TiN(200) film. Such structure seems be a fine-grained or a heav-
ily defected TiN and their thickness can be estimete at 25 nm.
This effect is an artifact created by high-energy ion bombard-
ing of the edge of lamella during FIB preparation. There is no
evidence nor change of deposition parameter, which should
confirmed the alteration of TiN growth during process. Besides,
it is local effect, which occurred only in few places. The typical
[110] zone axis selected-area electron diffraction (SAED) pattern
of the cube-textured copper and TiN(200)/Cu{100}<001> thin
film is shown in Figs. 5c,d. In copper substrate the structural
changes have not been observed. The alignment of Cu and TiN
of diffraction spots for system deposited on HCI 1:5 acid-etched
substrates proves the cube-on-cube epitaxial relationship.

4, Discussion

In this study, we have shown that the growth of TiN thin
films deposited onto cube-textured copper-based tapes has
been very sensitive to pre-treatment procedure and substrate
temperature. Based on researches and findings obtained by
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Pifiol and co-workers [28] the cube-textured copper tapes have
been prepared (Fig. 1). The sharp cube texturing {100}<001> is
parallel to the rolling direction (RD) of the tape. The copper tape
always is covered by native oxide (Cu,O, CuO) [5,6,11,20] and
few methods have been introduce for preventing Cu oxidation.
The most important were focused on depositing metal layers (Ni,
Ir, etc.) [34,35], alloying chemical elements such as magnesium,
chromium and aluminium that are known to be oxygen getters
[36] or preparation of novel copper-based alloys [37-40]. Unfor-
tunately, most of them were led to increasing of the resistivity of
copper, deterring the use of that alloy as the RABiTS’s substrate
material. Besides, the copper oxidation is not only problem in
RABITS technology and the significant approaches have been
performed in fields like electrochemistry [22,41,42] or deposi-
tion of CVD-grown graphene [11,12], either. The most effective
methods of in situ stripping of copper oxide contain a low-energy
ion-beam cleaning [5] and an annealling in hydrogen reducing
atmosphere at 1000°C [11]. Unfortunately, both approaches have
require using of advanced equipments. The much easier way is
chemical wet etching. The some solutions can either etch only
copper oxide or copper, as well. However, as today non mixture
has been found, which could be such effective like HF acid for
silicon substrates, where the passivation effect preventing of
surface oxidation has appeared [43]. At most, the copper oxide
layer can be limited to few nanometers, however, always will
regrowth before deposition process [5]. Whether, we have de-
cided to etch copper-based tapes surface by diluted HCl acid in
different proportions. Hydrochloric acid can etch both copper
oxides, but Cu atoms are only removed at the kinks in the [010]
and [001] steps [44]. In our experiment we have used titanium
nitride possession to reduce oxide layer due to its high affinity to
oxygen, which in result should provide to achieve pure titanium
nitride-copper interface. It is worth noting that, respectively,
the Cu,0(200) and Cu,O(111) peaks can not be discriminated
with TiN(200) and TiN(111) peaks, because on XRD pattern
their positions are overlapping [45]. Such assumption has been
affirmed in our case (Figs. 5a,b), where clear TiN/Cu interface
was observed. Indeed, titanium nitride can reduce the residual
amount of copper oxides, as more, it can successfully protect
copper surface against oxidation after deposition. The HAADF
image (Fig. 5b) accurately revealed that chemical composition
of thin film is uniform as well as the interface between copper
and titanium nitride is sharp. The intermixing zone have not been
observed. However, the TiN(200)/Cu interface have waviness
morphology with clearly observed valleys, directed parallel to
tape surface, remained after rolling process. The roughness of
copper tape has retained in the growing TiN film, as suggested by
atomic force microscopy (AFM) analysis (Table 1). Nonetheless,
the TiN(111) films have much better RMS value than copper
substrate and even TiN(200) films. We believe, it was possible
because the (111)-oriented grains had a much bigger possibility
to accommodate the misfit and the strain during growth.

The variation of integrated intensities of (200) and (111)
peaks for the TiN films deposited on Cu {100}<001> substrate
is found to be a strong function of substrate temperature (Fig. 4).
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The incremental increasing of intensity of TiN(200) and TiN(111)
diffraction lines were observed for the films deposited at whole
substrate temperature range (400-600°C). In case of TiN(200)
peak is indicating that the films are highly aligned along the
direction normal to the substrate plane (cube-on-cube epitaxy).
The position of the TiN(200) and TiN(111) peaks is shifted to
the lower angles. Owing to huge difference in thermal expansion
coefficient among copper and titanium nitride (48%) [5] and
lattice parameters (17%), the out-of-plane compressive and in-
plane tensile stresses should occurred. The shift is smaller for thin
films deposited at higher substrate temperature, what suggested
that the origin of stress have contained in defects created during
deposition, and partly annihilated within cooling stage. Indeed,
the low-angle annular dark-field analysis showed that TiN film
is the most defective buffer layer in Cu-based coated conductors
architecture [5]. The misfit of over 17% for cube-on-cube relation-
ship of TiN (a = 0.424 nm) with the underlying copper (a=0.361
nm), it is beyond the critical strain of conventional lattice matching
(LME). Fortunately, epitaxial growth of TiN(200)||Cu{100}<001>
can be described by the concept of domain-matching epitaxy
(DME) [46]. We calculated that TiN films should grows on Cu
with alternating 5/6 and 6/7 domain matching mechanisms, and
each domains are separated by misfit dislocation. However, nature
of this epitaxy is very sensitive to thermal misfit strain, which
means that the bigger aberration could be observed for system
with significant difference in thermal expansion coefficient.
Moreover, as far as we know the correction of DME have not
been verified for polycrystalline substrates [47]. We supposed
that in case of cube-textured copper, on each single copper grain
the heteroepitaxial TiN film will separately growth according to
DME paradigm. Hence, the study of influence of copper grains
size onto TiN thin films growth should be perform in future.

The pre-treatment procedure have significant influence on
thin films growth direction as well as peaks positions, either. The
direction of TiN films growth have been changed by application
of different etcher. Hydrochloric acid diluted in proportion 1:5
with water allowed TiN(200) growth (Figs. 4a-c). On the other
hand, hydrochloric acid diluted in 1:2 proportion with water in-
duced the growth in direction (111) (Figs. 4d-f). As was recently
reported, Oh and Je [48] showed that the preferred orientation of
TiN film is ruled through the competition between the surface
energy and the strain energy. More clearly the competing planes
in the TiN film are (200) with the lowest surface energy and
(111) with the lowest strain energy. In our cases, the HCI 1:2
have etched the copper oxides as well as reduced the residual
strain in substrate before the deposition. On the such surface,
the TiN(111) was promoted due to high activiation. This is the
most simple explaination why TiN(200) peak have appeared for
low-temperature deposited thin film onto HCI 1:2 etched Cu tape
(Fig. 4d). However, RMS measurements (Table 1) clearly showed
that both HCI 1:2 have not roughen and uneven the copper tapes
surface and roughness can not be cause which single-handedly
affect on the growth direction. The tapes with TiN(200) should
be much smoother than substrate with TiN(111) thin films. That
is why, we have decided to use growth model firstly proposed for

TiN films sputtered onto single-crystal silicon [49]. All titanium
nitride thin films have grown in (200) direction onto individual
copper grains and at beginning those seeds did not contact with
each others. (200)-oriented grain was grown by completing the
energetically favorable (200) planes in the initial stage, due
to significant surface energy or the co-growth in both direc-
tion have occurred simultaneously. Later, the growth direction
could changed to (111) for thin films deposited onto HCI 1:2
acid-etched copper, due to existence of strain. It is worth noting
that changing of strain in grains during the growth is common
[49]. The increasing of substrate temperature have promoted the
change of growth direction and reduced the amount of TiN(200)
grains. Contrary to that the TiN(200) grains can growth together
with (111)-oriented grains during whole deposition process. The
primary or residual (200)-oriented grains detected on X-Ray dif-
fraction pattern of low-temperature deposited TiN film (Fig. 4d)
seems confirm these two models. We believe it was possible,
because underlying copper oxide layer was different for each pre-
treatment procedure. Unfortunately, there is couple of equivalent
explanations. In many cases, in air on the surface of copper the
duplex structure of copper(Il) oxide and copper(I) oxide can form
[42]. However, in partial pressure of oxygen in our deposition,
the formation of copper oxides is different and more compli-
cated. Up to 600°C, the oxidation process should be the same
like in air, but much slower due to depletion of oxygen atoms. At
temperature close to 600°C and partial pressure at 10~ Torr, the
formation of only Cu,O should occurred [9,50]. Unfortunately,
this have not influence on growth direction, because TiN(200)-
oriented grains can be observed even at 400°C. The time for
oxidation after stripping of native copper oxides was very short
and equal for every samples at the same substrate temperature.
After all, the heating speed was constant, but even then the
time of oxidation for sample heated to higher temperature was
insignificantly longer. Wherefore, we can assume that regrown
copper oxide have nearly the same thickness as well as chemi-
cal composition (Cu,0) [51]. Cuprous oxide have face-centered
cubic lattice with parameter a = 0.427 nm [52], which is similar
to lattice constant of TiN. Nonetheless, they have a different
space groups. For such affair, titanium nitride could replicated
the growth direction of cuprous oxide, which naturally growth
epitaxially onto copper oxide, before the reduction occurred.
Further, the cuprous oxide growth for HCI 1:2 acid-etched tape
may have been disturbed. Such disorder seems be bigger, when
substrate temperature have increased, what led to formation of
TiN(111) grains. It is much more advantaged situation, because
oxides of metals do not generally adopt the lattice constant of the
substrate metal [51]. The X-Ray diffraction patterns (Figs. 4d,e,f)
suggested that out-of-plane compressive stress is much larger for
samples with (111)-oriented grains and only slightly depended
on substrate temperature. This and evidence of smoother surface
have confirmed that (111)-oriented grains were less defective
than TiN(200). Surprisingly, the small amount of heteroepitaxial
cuprous oxide at the beginning of the deposition can helps obtain
the well oriented TiN(200) grains. This theory can be completely
verify only by using in situ and real-time techniques such as



low-energy and reflection high-energy electron diffractions,
which allow observed the changes onto surface of crystalline
materials during deposition. What is more, that phenomena
should appeared for single-crystal copper, as well.

The [110] zone-axis selected area diffraction pattern
(Fig. 5d) obtained at TiN(200)/Cu interface revealed that between
thin film and substrate exists cube-on-cube relationship. The
bright spots on electron diffraction pattern corresponding to TiN
and Cu are labeled. Any additional spots which origin could be
connected to interfacial reaction have not been observed. The
diffraction points corresponding to the same planes of TiN and Cu
split, but appear along the same crystallographic directions, due
to the differences of lattice parameters. Thus, the overlapping of
spots did not occurred, even when the out-of-plane compression
stress remained in system. Additionaly, the XRD as well SAED
patterns concordantly showed that lattice parameter in out-of-
plane direction have insignificantly decreased. The comparison
of SAED pattern of cube-textured copper with and without thin
film (Fig. 5c¢) shows that there is no difference between them.
Hence, the structural nature of copper substrate has not been af-
fected through deposition process. That is utterly different that
was showed for CVD-grown graphene films [11]. Presumably,
the source of this difference is substrate temperature. In our
cases this parameter was relatively low, where for graphene the
substrate temperature always is close to melting point of copper.

One of the major differences between the TiN thin films
deposited onto HCI 1:2 and HCI 1:5 acid-etched tapes is the
morphology of the film surface. Samples with TiN(200)-oriented
grain have exhibited a much rougher surface than pure copper
tape and (111)-oriented films (Table 1). However, the roughness
of all thin films have decreased, when substrate temperature has
increased.Generally, during any heat treatment or growth of thin
films, surface diffusion along the film surface is the dominant
mechanism of mass transport [53]. Hence, the thermal activation
of atoms onto surface during deposition have triggered a smooth-
ness of thin films surfaces. Otherwise, the difference in surface
morphology and RMS measurements for two types of thin films
is puzzling. We do not believe it was possible, due to changes
occuring in copper tape during deposition. Unambiguous expla-
nation of mechanism appearing during thin films growth and
having influence on the roughness required preparing films onto
single-crystal copper. For example, the TiN thin films deposited
onto single-crystal silicon with (111) planes, if were nucleated
locally, had smooth surface. Contrary to that, the (200) planes
have formed rough hills-valleys morphology [49]. In our case
for TiN(200)-oriented grain, we have obtained a terraces-and-
steps-like morphology (Figs. 3a-c). Those type of morphology
is characterised by existence of flat grains seperated via very
sharp slips. As was aforementioned, the TiN(200)-oriented grains
grown were uniform and deposited materials seem to completely
fill all inequalities, which were created during rolling process.
Contrary, surface analysis performed on TiN(111)-oriented
grains (Figs. 3d-f) suggested that meaningful agglomeration
occurred. The AFM images revealed existence of oval particles
packages, which size is increased with substrate temperature.
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The surface morphology of TiN(200)- and TiN(111)-oriented
grains is different. Despite, the comprehensive research with
cross-section analysis as well as plain-in-view observation shall
be performed for TiN(111)-oriented grains. As was recently
reported, the surface energy among copper and titanium nitride
is high. Furthermore, at all deposition temperatures the growth
of copper thin film on TiN(200)/Si(100) system was found to be
island type (3-D) [31]. Instead, we and other group [5,10] clearly
showed that growth of (200)-oriented titanium nitride thin film
on polycrystalline copper is totally different. However, the nature
of TiN(111) growth onto copper tape must be recognise, because
the present data suggest that (111)-oriented grains could growth
much more similarly to copper thin film onto TiN buffer layer
than TiN(200) thin film on copper tape.

5. Conclusions

In the summary, the TiN thin films were fabricated onto
cube-textured copper tapes with evaluation of influence of
substrate temperature and pre-treatment procedure. The XRD
and TEM results revealed that the TiN uniform and continous
film grow epitaxially with relationship <200>TiN|[<200>Cu
(cube-on-cube epitaxy). No interfacial reactions between Cu and
TiN were observed up to 600°C. The pre-treament procedure
with HCI 1:5 allowed growth of well-oriented TiN(200) thin
films, conversely, on the HCI 1:2 acid-etched copper tape the
TiN(111)-oriented grains have grown. Both type of TiN thin films
have been under compressive stress due to difference in lattice
parameters between copper and titanium nitride. The change of
surface morphology of TiN thin films have depended on films
orientation. The relatively thin layer (~75 nm) have suppress the
copper diffusion as well as copper oxidation have not occurred.
However, in the future, more successful coated conductor archi-
tectures could involve different metal substrates and/or different
buffer materials than those used today.
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