Journal of Ovonic Research Vol. 19, No. 4, July - August 2023, p. 439 - 451

Synthesis and characterization of some Cr-Zr and Cr-Zr-O nanostructures
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The co-depositions of Cr-Zr and those of Cr-Zr-O coatings of 500 nm thick were made
using magnetron sputterlng in continuous mode, in a circular enclosure with a volume of
0.05 m® evacuated prior to the deposmon process under 10°® mbar vacuum conditions.
Silicon and Carbon substrates measuring 12x15mm were used for deposition. The
topology of all of the CrZr and CrZrO, coatings deposited on silicon and carbon substrates
have been investigated by Scanning Electron Microscopy (SEM) at three magnifications:
1000x, 5000x and 10.000x. For all of the coatings deposited on Silicon substrates, at all
three magnifications, was observed very smooth surfaces with only small topological
elements. In some samples, few droplets of around 100nm can be observed. The
appearance of particulates is caused by the arching events that occur at target surface
during the deposition proces and are more pronounced during reactive sputtering. The
coatings deposited on the Carbon substrate show more morphological features as these
substrates have a lower grade surface polish finish as to sliced Silicon wafers; the
deposited film tends to follow the substrate topology and cracks can be seen on the
surface. Were investigated the mechanical properties of the samples of Cr+Zr,
respectively Cr+Zr+O, using The Bruker Hysitron TI 980 Tribolndenter which allows to
extrapolate mechanical properties such Youngs Modulus (YM) and Hardness (H). The
experimental results obtained through nanoindentation studies, show: In the absence of
oxygen during deposition ( Zr-Cr structures), the Young’s Modulus and Hardness are
influenced by the concentration ratio of the two components Cr and Zr, i.e., there is the
practical possibility of adjusting the two parameters YM and H by correspondingly
changing the concentrations of the components of the structure . In the case of the
Cr+Zr+0, structures, for sample where the concentration of Chromium is maximum and
the concentration of Zirconium is minimum, the presence of Oxygen causes a decrease
for YM and respectively a decrease for H (in this case Cr-O bonds are predominant). In
the case of sample in which the concentration of Zirconium is maximum and the
concentration of Chromium is minimum, in the presence of Oxygen (now the bonds Zr-O
being predominant), an increase for YM and an increase for H are observed. The
crystalline structure was investigated using X-Ray Diffraction (XRD) method, using a set-
up composed of a diffractometer equipped with a Cu-Ka X-ray sourse, with a specific
wavelength of 0.154nm, in a Bragg-Bretano type geometry. In the case of the Cr-Zr
sample, diffractograms show that only the peaks corresponding to the Si substrate are
visible, highlighting the amorphous character of the structure. Also, the measurements
reveal the amorfous character of the Cr-Zr-O sample. In order to highlight the effect of
the element Cr together with Zr and O, the diffractogram of the ZrO, sample and
diffractogram of Cr-Zr-O sample are examinated for comparison. Considering the
application of these materials in dentistry, the 2 wide amorphous strips in the case of ZrO,
sample and amorfous character found in the case of Cr-Zr-O sample, could correspond to
the adhesive used to attach the veneer to the tooth of such structures. From this
perspective, it can be stated that the presence of the Cr element in the Cr-Zr-O structure
widens the possibility of its use as an adhesive to attach the veneer to the tooth.
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1. Introduction

The development of oxide-based thin film materials for different applications is currently
attracting large interest. Besides the theoretical modeling of structural design and properties of
such materials the systematic evaluation of plasma-based deposition methods for their synthesis
will contribute to create an important data base for advanced materials development. In this
context, the Cr—Zr—O system has been intensively studied. Thus, was observed that monoclinic
Zr0O, is able to dissolve Cr,O3 without structural changes until the volume of the unit cell fell to a
certain value. Among the synthesis methods, RF reactive magnetron sputtering becomes one of the
most popular technique for the preparation of Cr-Zr-O coatings. Unfortunately, studies on Cr-Zr-O
coatings are limited. Thus, Spitz et al. prepared Cr-Zr-O films with different Cr and Zr contents at
500 °C by RF magnetron sputtering, and studied the effects of composition and annealing
temperature on the microstructure and properties of the films [1],[2]. The structural evolution and
properties of Cr-Zr-O coatings under different annealing temperatures are investigated also by L.
Landdlv et al. [3].In this case, reactive RF-magnetron sputtering is used to grow
Cr0.28Zr0.1000.61 coatings at 500 °C. Coatings with superior hardness, high temperature thermal
stability, and oxidation resistance, required to protect cutting tools in machining applications,
were synthesed by M. Mohammadtaheri et al. [4],[5]. The synthesis of such coatings was
investigated in a ternary Cr—Zr—O system by reactive radio-frequency magnetron
sputtering technique. A new coating system of Zr-Cr-O in which tetragonal ZrO,
[6],[7].[8],[9] acts as toughening agent and Cr,Os;can act as stabilizer and hard matrix was
proposed by Kai Huang et al [10]. The coatings were obtained by cathodic arc deposition of Zr and
Cr in gas mixture of oxygen and argon. The hardness of the coatings was affected by composition,
substrate bias and crystallinity. Our paper presents some Cr-Zr and Cr-Zr-O nanostructures
obtined by magnetron sputtering in continuous mode technology.

2. Experimental set-up

The co-depositions of Cr+Zr and those of Cr+Zr+0, coatings of 500 nm thick were made
using magnetron sputtering in continuous mode, in a circular enclosure with a volume of 0.05 m’
evacuated prior to the deposition process under 10° mbar vacuum conditions by using a
turbomolecular pump. The experimental scheme of the deposition chamber is represented in Fig.1.
Substrates of Si and C with (12x15mm) sizes were used for deposition. They were cleaned by
ultrasonication in a mixture of isopropyl alcohol and acetone to remove impurities. Afterwards the
substrates were washed abundantly with distilled water and then allowed to dry in atmospheric air.
Finally the substrates were mounted in the chamber on a fixed circular support positioned at a
distance of approximately 10 cm from the spray source.

Mass flow

Zr cathode
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Fig. 1. Deposition chamber.

The magnetron systems used were composed of a water-cooled cathode equipped with
circular Cr/Zr targets (2 mm thick and 50 mm diameter) of high purity (99.95%). Throughout the
experiments, the pressure was kept constant at a value of 10 mbar. The two gas flows, for Ar and
for O,, were 20 sccm. The Tab.l shows the deposition parameters (drop potential U, curent

intensity I, and ratio of the curent R) for the two materials of interest for deposition without O,
inclusions.

Table 1. Working parameters for Cr+Zr deposition.

Cr Zr
U=0.29 kV U=0.23 kV
1=0.05 A I=0.12 A
R=0.40A/s R=08A/s

In Table 2 are presented the deposition parameters for the two materials of interest for
deposition with O, inclusions.

Table 2. Working parameters for Cr+Zr +0O, deposition.

Cr Zr
U=0.36 kV U=245V
I=025A I=0.60 mA
R=0.1 A/s R=02A/s

3. Results and discussions

In order to have a picture of the influence of the material on the characteristics of the two

types of samples (Cr+Zr with or without O, inclusions), 5 Si and 1 C substrates placed in line
were used (Fig.2)

J—Cr & Zr targets—g,

1 2 3 4 5 6
Si Si C Si Si Si
I—Si & C substrates —I

Fig. 2. Scheme of deposition.

The samples are marked as follows: Si_1, Si 2 and C 3 positioned towards the Cr target,
so we expect the Cr concentration to be higher. While Si_4, Si 5 and Si_6 are towards the Zr
target, which causes the Zr concentration to increase. Moreover, since it is about two depositions,
the first without oxygen and the second with oxygen, samples will be marked as follows: Si 1 A,
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C 3 A, Si4A,

i 3 A, Si4A S
i1B,Si2B,C3B,Si4

—_ N

A, i 5 A and Si_ 6 A (A representing deposition without oxygen);
B, B, Si_ 5 Band Si_6_B (B representing deposition with oxygen).

3.1. SEM studies

The topology of all of the CrZr and CrZrO, coatings deposited on silicon and carbon
substrates have been investigated by Scanning Electron Microscopy (SEM) using a FEI Inspect S
scanning electron microscope (Hillsboro, Oregon, OR, USA) in low-vacuum mode at three
magnifications: 1000x, 5000x and 10.000x. For all of the coatings deposited on Si substrates, at all
three magnifications, we observe very smooth surfaces with only small topological elements as we
can see in Fig.3 for samples Si 4 A (at 10kx magnification), Si_5 A (at Skx magnification ),

and Si_6 B (at 10kx magnification).

10 pm
NFLPR _FEI-|

5 pm

a INFLPR __ FEI - Inspe

Si_4_A (CrZr),10kx Si_5_A (CrZr), 5kx Si_6_B (Crzr0,), 10kx

Fig. 3. SEM images for samples: Si_4 A (10kx magnification), Si_5 A ( Skx magnification), and Si 6 B
(10kx magnification).

In some samples, few droplets of around 100nm can be observed, as we can see in Fig.4
for samples Si_1 A (at 5kX magnification), Si_1 B (at 10kx magnification), and Si_4 B (at 1kx
magnification). The appearance of particulates is caused by the arching events that occur at target
surface during the deposition procces and are more pronounced during reactive sputtering (when
O, is injected in the reaction chamber).



443

.~ Spm
a INFLPR _ FE| - Inspect S50

Si 1 A (CrZr), 5kx Si_1 B (CrZrO,),10kx Si_4 B (CrZrO,),1kx
Fig. 4. SEM images for samples: Si 1 A (5kx magnification), Si_1 B ( 10kx magnification) and Si 4 B
(lkx magnification).

The coatings deposited on the carbon substrate present more morphological features as
these substrates have a lower grade surface polish finish as to sliced silicon wafers.

5 pm

INFLPR _ FEI - Inspe

C 3 A (CrZr), 10kX C_3_B (CrZr0,),10kX

Fig. 5. SEM images for samples: C 3 A (10kx magnification) and C 3 B ( 10kx magnification).
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Because of these imperfections, the deposited film tends to follow the substrate topology
and cracks can be seen on the surface as shows Fig.5 in the cases of samples C 3 A (at 10kx
magnification) and C_3 B (at 10kx magnification).

3.2. Mechanical properties

To investigate the mechanical properties of the samples was used a Bruker nanotender.
The Bruker Hysitron TI 980 Tribolndenter uses different types of force and displacement
transducers to cause elastic and plastic deformation of samples. Quantitative force measurements
allow the system to extrapolate mechanical properties such as Elastic Modulus (Youngs Modulus),
Hardness, Coefficient of friction and Wear resistance. This makes the system useful for testing
samples that require specific testing, such as thin films and nanostructures.

The results obtained from the nanoindentation process will be presented comparatively,
thus Si 1 A vs Si 1 B and so on (Tabs.3 and 4), respectively Si 1 A vs. Si 6 A and so on
(Tab.3) and Si 1 B vs. Si_ 6 B and so on (Tab.4), thus comparing both from the point of view of
the influence of oxygen and the positioning of the substrate during deposition. In order to have a
more accurate picture of the Hardness and Elasticity modulus, several nanoindentations were
performed using various types of functions.

Table 3. Comparison of samples obtained from the same batch (A).

Si 1A Si 6 A
Partial Unload Basic QS Trapezoid Partial Unload Basic QS Trapezoid
Young Modulus: | Young Modulus: 89.7 GPa Young Modulus: 41.66 GPa | Young Modulus:
97.77 GPa Hardness: 7.34 GPa Hardness: 4.79 GPa 27.48 GPa
Hardness:7.55GPa Hardness: 5.18 GPa
Si2 A Si 5 A
Partial Unload Basic QS Trapezoid Partial Unload Basic QS Trapezoid
Young Modulus: | Young Modulus: 4.47 GPa Young Modulus:126.27 GPa | Young Modulus:
10.65 GPa Hardness: 1.2GPa Hardness: 8.48 GPa 118.97 GPa
Hardness:1.5 GPa Hardness: 8.66 GPa
Si 4 A
Partial Unload Basic QS Trapezoid
Young Modulus: 103.62 GPa Young Modulus: 91.31 GPa
Hardness: 7.73 GPa Hardness: 7.83 GPa
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Table 4. Comparison of samples obtained from the same batch (B).

Si1lB Si 6 B
Partial Unload Basic QS Trapezoid Partial Unload Basic QS Trapezoid
Young Modulus: | Young Modulus: 9.30 | Young Modulus: 118.60 | Young Modulus: 114.40
18.32 GPa GPa GPa GPa
Hardness: 2.38 | Hardness: 1.93 GPa Hardness: 11.61 GPa Hardness: 10.99 GPa
GPa
Si 2 B Si 5B
Partial Unload Basic QS Trapezoid Partial Unload Basic QS Trapezoid

Young Modulus: | Young Modulus: 96.54
98.63 GPa GPa

Hardness:7.84GPa | Hardness: 7.88 GPa

Young Modulus:108.42GPa | Young

Modulus:109.66GPa
Hardness: 8.63GPa

Hardness: 9.05 GPa

Si 4 B

Partial Unload

Basic QS Trapezoid

Young Modulus: 114.29 GPa
Hardness: 9.23 GPa

Young Modulus: 111.63 GPa
Hardness: 9.00GPa

The evolution of the Young's Modulus depending on the position during the deposition of
A and the evolution of Hardness depending on the position during the deposition of A is presented

in Fig.6 and Fig.7 respectively.

140,0
120,0:
100,0: -
ao,o:
eo,o:

40,0

Young Modulus (GPa)

20,0

0,0 ;

T T T T T
Si_1_A Si 2 A Si 4 A Si 5 A Si 6_A

Substrate (Si)

Fig. 6. The evolution of the Young's Modulus depending the position during the deposition of A.
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Si_1_A Si_2 A Si_4_A Si_5_A Si_6_A
Substrate (Si)

Fig. 7. The evolution of Hardness depending on the position during the deposition of A.

The evolution of the Young's Modulus depending on the position during the deposition of
B and the evolution of Hardness depending on the position during the deposition of B is presented
in Fig.8 and Fig.9 respectively.

140,0
120,0-.
100,0-. [ ]
80,0-.
60,0-.

40,0 +

Young Modulus (GPa)

20,0 -

0,0 ; . ; . ; . ; . ;
Si 1B Si2B Si 4 B Si 5 B Si_ 6 B
Substrate (Si)

Fig. 8. Evolution of the Young's Modulus depending on the position during the deposition B.
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10,0 4

8,0 +

6,0

Hardness (GPa)

4,0

2,04

T T T T T T
Si_1_B Si_2. B Si_4.B Si_5.B Si_6_B

Substrate (Si)

Fig. 9. Evolution of Hardness depending on the position during the deposition B.
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Graphic representation of the results obtained for both types of deposition: A (without O,),
B (with O,) is given for the Yong and Hardness modules in Fig.10 and Fig.11, respectively.
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Fig. 10. Evolution of the Young's Modulus depending on the position during deposition.
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Fig. 11. The evolution of Hardness depending on the position during deposition.

3.2.1. Discutions

The experimental results obtained through nanoindentation studies, in the Partial Unload
mode, show: a decrease in both the Elastic Modulus (YM) and the Hardness (H) comparatively
(Tab.3, Figs.6 and 7) in the case of samples Si 1 A (YM: 97.77GPa, H: 7.55 GPa) and Si 6 A
(YM: 41.66 GPa, H: 4.79GPa), and on the contrary, a comparative increase in the case of samples
Si 2 A (YM: 10.65 GPa, H: 1.2GPa) and Si 5 A (YM: 126.27 GPa, 8.48 GPa). Thus, it can be
stated that in the absence of oxygen during deposition ( Zr-Cr structures), the Modulus of
Elasticity and Hardness are influenced by the concentration ratio of the two components Cr and Zr,
i.e., there is the practical possibility of adjusting the two parameters YM and H by correspondingly
changing the concentrations of the components of the structure.

The presence of Oxygen during the depositions leads to the comparative increase of the
YM and H parameters, in the Partial Unload mode, as follows (Tab.8, Figs.5 and 9): an increase in
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both the Elastic modulus and the Hardness comparatively in the case of samples Si 1 B (YM:
18.32 GPa, H: 2.38 GPa) and Si 6 B (YM: 118.60 GPa, H: 11.61 GPa), and an comparative
increase in the case of samples Si_ 2 B (YM: 98.63 GPa GPa, H: 7.84 GPa) and Si_5 B (YM:
108.42 GPa, H: 8.63 GPa). It therefore follows that in the case of the Zr-Cr-O structures, the
modification of the YM and H parameters as a result of the changes in the concentrations of the
components, as expected, are done in a different way than in the case of Zr-Cr, due to the chemical
bonds in which Oxygen is involved .

The comparison of results obtained for both types of deposition ( Figs. 10 and 11) shows:
In the case of the Si_1 sample, the presence of Oxygen causes a decrease of 79.45GPa for YM and
respectively a decrease of 5.17GPa for H, under conditions where the concentration of Chromium
is maximum and the concentration of Zirconium is minimum, which means that Cr-O bonds are
predominant. In all other cases (samples Si_2, Si-4, Si_5, Si_6), the presence of Oxygen causes an
increase in the YM and H parameters, the increase being maximum in the case of sample Si_6, in
which the concentration of Zirconium is maximum and the concentration of Chromium is
minimum, now the bonds Zr-O being predominant (an increase of 76.94GPa for YM and an
increase of 6.82GPa for H).

3.3. XRD characterizations

The crystalline structure was investigated using X-Ray Diffraction (XRD) method. The
experimental set-up was composed of a diffractometer equipped with a Cu-Ka X-ray sourse, with
a specific wavelength of 0.154nm, in a Bragg-Bretano type geometry. The measured range was
between 10°-70°; an incremental step of 0.02° and an integration time per step of 0.7s were used.
Figs 12 and 13 show the diffractograms in the case of the Cr-Zr (Si_4_A) sample for short scan
0.2 s integration time per step (0.01°) and for long scan 0.5 s integration time per step (0.01°),
respectively.

ICr-Zr DCMS sisubstrate
5 600 T

~ 500 -

//
0 | I I - | 1
30 40 5 60 70 80 90 100

20[]

Fig. 12. Diffractogram for Sample Si_4_A (Short scan 0.2 s integration time per step (0.01°)).
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Fig. 13. Diffractogram for Smple Si_4_A (Long scan 0.5 s integration time per step (0.01°)).
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From Fig.12 it can be seen that only the peaks corresponding to the Si substrate are visible
highlighting the amorphous character of the structure. The amorphous shoulder highlighted in Fig.
13 coincides with the main peaks corresponding to Cr and Zr crystalline phases which can point to

amorphous layer growth.

In order to highlight the effect of the element Cr together with Zr and O, the
diffractograms of Fig. 14 [6] and Fig. 15 are presented for comparison. Thus, the diffractogram of
the ZrO, sample (Fig.13[6]) shows three areas.

— 5 i T T T T T T T T T
ﬂ Mixed am.orphuus and Zroz
E crystaliine phase |
S5 4t <
g : -
= 3F =
= I
0D - Amorphous phase
© W .
— 2 5
= LAY Crystalline Phase |
0 100 | I AN
c 1r ty i G W
Q I it )] / S W
b= byt i W\ |
c ¥ I
- Ivﬂ.‘ ‘ml‘u‘h' ; 1 1 i

10 20 30 80 90

20 (degree)

Fig. 14. The diffractogram of the ZrO, sample [6].
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Fig. 15. The diffractogram of the CrZrO, (Si_4_B) sample.

A first area with a clear degree of amorphization combined with the relative intense
orientations of the examinated material, a secund area with many crystalline orientations of low
intensity, and a third amorphized area. The identification of the crystalline phases was obtined by
comparing the position of the peaks in the diffractogram with the structure files in the Pearson
database. The preferential crystallization plane is 11-1. Also, a large number of peaks of low
intensity appear in the diffractogram. Considering the application of these materials in dentistry,
the 2 wide amorphous strips in the case of ZrO, sample (Fig.14) and amorfous character found in
the case of Cr-Zr-O sample (Fig.15), could correspond to the adhesive used to attach the veneer to
the tooth of such structures. From this perspective, it can be stated that the presence of the Cr
element in the Cr-Zr-O structure widens the possibility of its use as an adhesive to attach the
veneer to the tooth.

4. Conclusions

The co-depositions of Cr+Zr and those of Cr+Zr+O, coatings of 500 nm thick were made
using magnetron sputtering in continuous mode .The topology of all of the CrZr and
CrZrO, coatings deposited on silicon and carbon substrates have been SEM investigated at three
magnifications: 1000x, 5000x and 10.000x. For all of the coatings deposited on Si substrates, at all
three magnifications, we observe very smooth surfaces with only small topological elements. In
some samples, few droplets of around 100nm can be observed. The appearance of particulates is
caused by the arching events that occur at target surface during the deposition proces and are more
pronounced during reactive sputtering. The coatings deposited on the carbon substrate present
more morphological features as these substrates have a lower grade surface polish finish as to
sliced silicon wafers, the deposited film tends to follow the substrate topology and cracks can be
seen on the surface.

Were investigated the mechanical properties of the samples obtained after the deposition
of Cr+Zr, respectively Cr+Zr+0O,. The experimental results obtained through nanoindentation
studies, in the Partial Unload mode, show: In the absence of oxygen during deposition ( Zr-Cr
structures), the Young’s Modulus (YM) and Hardness (H) are influenced by the concentration
ratio of the two components Cr and Zr, i.e., there is the practical possibility of adjusting the two
parameters YM and H by correspondingly changing the concentrations of the components of the
structure .

In the case of the Cr+Zr+0O, structures, for sample where the concentration of Chromium
is maximum and the concentration of Zirconium is minimum, the presence of Oxygen causes a
decrease for YM and respectively a decrease for H (in this case Cr-O bonds are predominant). In
the case of sample in which the concentration of Zirconium is maximum and the concentration of
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Chromium is minimum, in the presence of Oxygen (now the bonds Zr-O being predominant), an
increase for YM and an increase for H are observed.

The crystalline structure was investigated using XRD technology. In the case of the Cr-Zr
sample diffractograms show that only the peaks corresponding to the Si substrate are visible,
highlighting the amorphous character of the structure. Also, the measurements reveal the
amorfous character of the Cr+Zr+O, sample. In order to highlight the effect of the element Cr
together with Zr and O, the diffractogram of the ZrO, sample and diffractogram of Cr+Zr+O,
sample are examinated for comparison. Considering the application of these materials in dentistry,
the 2 wide amorphous strips in the case of ZrO, sample and amorfous character found in the case
of Cr+Zr+0, sample, could correspond to the adhesive used to attach the veneer to the tooth of
such structures. From this perspective, it can be stated that the presence of the Cr element in the
Cr+Zr+0, structure widens the possibility of its use as an adhesive to attach the veneer to the
tooth.
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