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Abstract 

Platinum (Pt) is a noble metal with low resistivity and resilience to oxidation, which is largely 

used in microelectronic devices. In order to facilitate the integration of Pt thin films on silicon 

substrate, we are showing the ability to control their orientation by using [Ca2Nb3O10]
-
 

nanosheets (CNOns) as seed layer. Pt thin films were sputtered on silicon coated by CNOns 

(CNOns/SiO2/Si), and on TiO2/SiO2/Si substrates for comparison, at temperatures ranging 

from room temperature up to 625°C. Under pure argon, highly (111) textured Pt thin films 

were obtained on both substrates, regardless of the deposition temperature. However, by using 

an oxygen/argon mixture, highly (200) textured films could be obtained, only on 

CNOns/SiO2/Si substrate, when the substrate temperature is above 550°C. X-ray diffraction, 

scanning electron microscopy, and atomic force microscopy were used to characterize the 

crystalline quality, thickness, surface morphology and roughness of the Pt thin films. Their 

resistivity was measured at room temperature by the four-point probes method.  
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1. Introduction 

The employment of oxide perovskite thin films such as Pb(Zr,Ti)O3 (PZT), and 

BaTiO3 in microelectronic technologies requires the use of silicon substrates and electrodes. 

Platinum (Pt) is the most commonly used material as bottom electrode in various 

microelectronic devices due to its low resistivity, high stability under oxygen environment at 

high temperature, and high work function leading to small leakage current. Furthermore, the 

Pt lattice parameter of 0.393 nm shows good lattice matching with a number of perovskite 

materials, such as (Ba,Sr)TiO3 (~ 0.39 nm), BiFeO3 (~ 0.39 nm), PZT (~ 0.40 nm), LaNiO3 

(LNO ~ 0.38 nm). It is well known that the physical properties of these oxide materials are 

sensitive to many parameters: the orientation of the films, the orientation and the crystalline 

quality of bottom electrode, and the quality of the interface between the oxide film and the 

bottom electrode. For instance, some authors have shown that epitaxial PZT thin films with a 

strong (100) orientation, grown by radio-frequency (rf) magnetron sputtering on epitaxial 

(200) Pt thin film pre-deposited on MgO single crystal, gave high remnant polarization [1,2]. 

Cui et al.[3] have also shown that (001)Pt/(200)BaTiO3/(001)Pt epitaxial trilayers grown on 

(100)MgO substrate leads to a good interface between BaTiO3 and the Pt bottom electrode. 

Nevertheless, for industrial electronic applications, with a few exceptions, the use of single 

crystal substrates is not a solution, because of their cost and their limited size compared to 

silicon wafers.  

 

Since oxide films with c-axis epitaxial growth are advantageous in various 

applications, different authors utilized oxide buffer layers such as PbTiO3 [4], PbO [5], TiO2 

[6] to optimize the c-axis orientation of oxide films on (111) Pt electrode. The risk with the 

use of a buffer layer between the bottom electrode and the functional films is to create a so-

called electrical dead layer between them, due to interdiffusion or residual lattice mismatch 

that may take place. The existence of such dead layer and its consequences on the electrical 

properties of ferroelectric capacitors has been the subject of numerous studies since the 1990s 

[7–15]. This nonferroelectric layers, exhibiting a low dielectric constant, can have an 

appreciable effect upon the electrical properties of PZT thin films leading to a decrease of the 

dielectric constant when film thickness is reduced and a marked tilt of hysteresis loops, 

resulting in a large drop of both remanent and maximum polarizations [7–9]. Different 

mechanisms have been proposed to explain their origin including formation of Schottky 

depletion layers at interfaces [10–12], formation of a thin passive layer arising from damages 
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during film deposition [13], development of a nonferroelectric layer at the initial stage of PZT 

growth [8], or charge injection through an insulating layer [14]. It has also been shown that 

the electrical disturbances generated by the dead layer can be modeled and that the electrical 

characteristics of the ferroelectric film alone are masked by the existence of this passive layer 

[15]. Recent works have shown that the use of nanosheets deposited on platinized silicon [16], 

or even on platinized stainless steel [17], allows to obtain PZT films of very good quality 

(polarization of about 30-35µC/cm²) with very little fatigue after 10
10

 cycles. In these works, 

the nanosheets do not seem to have introduced a significant passive layer, since the electrical 

properties are very good. This is probably due to their very thin thickness of about a few 

nanometers.  However, trying to grow (200)-oriented Pt electrode that allows epitaxial growth 

of oxide films directly on the bottom electrode without any buffer layer still remains a way to 

prevent such dead layer and to obtain a better quality of oxide/electrode interface [3].  

 

Another possibility to obtain c-axis oriented oxide films with epitaxial growth and 

good interface quality is the use of oxide electrodes on silicon like LNO [18], SrRuO3 [19], 

etc.  In the case of LNO, it is possible to deposit films by RF sputtering at low temperature 

and still obtain well-crystallized films as early as 150°C [20] or 200 to 300°C [21]. However, 

the composition of these films is strongly dependent on the deposition temperature, which 

limits the adaptability of the process, and the resistivities obtained are an order of magnitude 

higher than those of Pt (400 µΩ.cm for LNO against 10 to 20 µΩ.cm for Pt). The residual 

stress of these films is also difficult to control as shown in the study of Zhao et al [22]. In the 

case of SrRuO3, high temperatures above 600°C are still required to obtain well crystallized 

films. However, this kind of oxide electrodes have shown their interest to obtain functional 

films like ferroelectric PZT films with excellent properties. But it has also been shown that 

excellent ferroelectric properties, with for example polarization higher than 45 µC/cm² can be 

achieved on platinum electrodes [2,8,23].  Finally, the sputtering of oxide films with a 

chemical composition including two cations will generally remain more complicated than 

depositing a simple metal electrode like Pt. 

When grown under standard conditions on SiO2/Si substrates with a TiO2 buffer layer, 

Pt thin films are only (111)-oriented and well-crystallized films on TiO2/SiO2/Si substrates are 

obtained at temperatures above 600°C [24–28]. This unique orientation is due to lowest 

surface energy associated with (111) planes [29]. Buffer layers like Ta, Zr or ZrO2 [30,31] 
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have also been tried, but TiO2 is still widely used for adhesion of the Pt bottom electrode. For 

all these buffer layers, only (111)-oriented Pt was obtained on silicon substrates. Some efforts 

have been done to obtain a preferential (200) orientation for Pt films without single crystal by 

using very high temperatures (> 750°C) and a deposition gas containing a mixture of argon 

and oxygen [32,33]. Moreover, Park et al. [34] used direct current magnetron sputtering with 

Ar/O2 gas mixture to deposit Pt thin films on SiO2/Si without buffer layer, and obtained fully 

oriented (200) Pt thin films at 650°C. Nevertheless, these Pt thin films often have a poor 

adhesion to SiO2/Si substrate. Akai et al.[35] used a γ-Al2O3(100) film as a buffer layer on 

silicon substrate to deposit Pt thin film using rf-magnetron sputtering at low deposition rate, 

and they obtained highly (200)-oriented Pt thin film at 600°C. Nevertheless, this γ-Al2O3(100) 

buffer layer was deposited on silicon substrate in high vacuum by chemical vapor deposition 

and high temperature (960°C). The main drawback is that these temperatures are higher than 

500°C, which is most often the limit in the industrial manufacture of electronic Si-based 

chips. This leads to a limitation in the use of platinum electrodes which should therefore only 

be deposited at the early beginning of any process, especially if the (200) orientation is 

required. There is thus a requirement for a buffer layer to promote the deposition of (200)-

oriented Pt films on silicon substrates at relatively low temperature. 

 

In 2008, the use of oxide nanosheets (ns) as buffer layer was initiated by Kikuta et al. 

[36], and by Shibata et al. [37,38]. These authors showed that two-dimensional materials such 

as oxide nanosheets promote the growth of functional oxide materials on silicon or glass. The 

advantages of nanosheets are their low cost and their easy deposition by Langmuir-Blodgett 

method without high-vacuum set-up. Over the last twelve years, a wide variety of oxides such 

as SrTiO3, TiO2, ZnO, PZT, La0.7Sr0.3MnO3, BiFeO3 and KNbO3 have been deposited using 

nanosheets of [Ca2Nb3O10]
-
, [Ti0.87O2]

0.52-
 or [MoO2]

x-
 [16,39–44]. These ns-substrates have 

demonstrated their interest in obtaining well-crystallized oxide films at temperatures often 

lower than those usually used. For example, Nguyen et al. [41] showed that PZT can be 

deposited at only 450°C while retaining interesting ferroelectric and piezoelectric properties.  

 

The aim of this work is to use these nanosheets buffer layers for the growth of Pt 

electrodes on SiO2/Si substrate at a reasonable temperature. In a recent paper, we have shown 

that by using CNOns, it was possible to lower the deposition temperature of Pt thin films with 

(111) orientation until 200°C, while maintaining very good crystalline quality and low 

resistivity [45]. The objective of the present study is to explore whether the orientation control 
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of high quality (200)-oriented Pt electrodes on silicon substrate can be achieved using 

nanosheets, low deposition rate, high pressure and argon/oxygen (Ar/O2) gas mixture. For this 

purpose, CNOns, with an in-plane lattice parameter (0.386 nm) close to Pt (0.393 nm), were 

prepared by exfoliation and deposited on silicon by Langmuir-Blodgett method. Then, Pt thin 

films were sputtered under different deposition conditions. These films were then 

characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force 

microscopy (AFM), and resistivity measurements. 

 

2. Experimental methods 

2.1. Materials 

Boron-doped single crystalline (100) silicon samples of 7x15 mm
2
 were used as 

substrates. They were coated with a 650 nm amorphous SiO2 layer obtained by thermal 

growth. Pt and Ti targets with a diameter of 4 inches and a purity of 99.99% were used for 

sputtering thin films of Pt and TiO2. The nanosheets were synthetized from the precursors 

K2CO3 (Acros Organics, 99 %), Ca2CO3 (R.P. Normapur, 99.5 %) and Nb2O5 (Alfa Aesar, 

99.5 %). 

 

2.2. Nanosheets synthesis 

CNOns were obtained from KCa2Nb3O10 which was synthesized by solid state 

reaction under the conditions of Ebina et al. [46]. An ionic exchange between potassium ions 

and protons was carried out using 6M HNO3 acid during 72 hours. The acid was changed 

every 24 hours to obtain a powder of HCa2Nb3O10 that was then diluted in a solution of 

distilled water and tetrabutylammonium hydroxide (TBA) in a 1:1 molar ratio, leading to the 

formation of a colloidal solution containing CNOns. This solution was then diluted and placed 

in a Langmuir-Blodgett (LB) trough. The SiO2/Si substrate was first washed with distilled 

water and then with ethanol, before being immersed in the solution. After LB deposition of 

the nanosheets, the substrates were first dried at 110°C and placed under ultraviolet light to 

photochemically destroy TBA residues. The substrates were then air-heated at 400°C for 4 

hours to remove water and organic residues from the preparation process. Finally, the 

stacking of the layers forming the substrate was [Ca2Nb3O10]
-
/SiO2/Si (CNOns/Si). 

 

2.3. Film deposition 

Platinum thin films were deposited in situ on CNOns(2~3 nm)/SiO2(650 nm)/Si 

(CNOns/Si) and TiO2(1~2 nm)/SiO2(650 nm)/Si (TiO2/Si) substrates by rf magnetron 
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sputtering. The sputtering targets were mounted horizontally, facing the rotating substrate 

holder at a distance of 4 cm. Before deposition, the targets were pre-sputtered during 15 

minutes.  

For the preparation of TiO2/Si substrates, TiO2 was rf sputtered from a metallic Ti 

target at 500°C. The power density was 1 W/cm
2
, and a gaseous mixture of Ar (85 %) and O2 

(15 %) was introduced into the chamber at a pressure of 1.5 Pa. The heating and cooling 

ramps were 15°C/min and 30°C/min, respectively, with a 30 min-dwell time at the selected 

temperature before deposition starts. The deposition rate of TiO2 was determined by 

measuring with SEM the thickness of several cross sections of a TiO2 thin film deposited for 

2 hours in the same conditions. The deposition time of the TiO2 seed layer was then 

monitored to achieve a thickness of about 1-2 nm. 

Pt thin films were then sputtered from a Pt target using a power density between 0.4 

and 1 W/cm
2
. The total pressure was tuned between 0.6 and 1 Pa, and these conditions 

resulted in a deposition rate varying between 2 and 20 nm/min. For all samples, the film 

thickness was kept close to 100 nm. Pure argon (Ar) or a mixture of Ar and oxygen (O2) was 

used for sputtering, depending on the desired crystallographic orientation of the Pt film. The 

substrate temperature was varied from 30°C (RT) to 625°C.  

 

2.4. Characterizations 

The crystalline structure of the films was analyzed by XRD with a D8 Discover 

Bruker diffractometer configured in -2 reflection mode (Cu(K) wavelength,  = 0.154056 

nm). All the measurements were calibrated against the 400 peak of the substrate (Si) and the 

intensity of the Pt peaks, normalized to that of the Si peak referred to as normalized intensity 

(nor. intensity). Rocking curves were performed on hhh and h00 Pt peaks to obtain their full 

width at half maximum (FWHM) and so to evaluate the grain misalignment. 

 

Contact angle measurements were performed on the different substrates with a Drop 

Shape Analyzer DSA 25-KRÜSS GmbH. The wetting properties of substrates were measured 

at RT by the static sessile drop method with a liquid droplet volume of 𝑉 = 1 µL. With this 

method, the contact angle is given from the tangent to the solid-liquid-vapor triple point, 

evaluating the drop shape with the Young’s equation. Five testing liquids were used: water, 

glycerol, formamide, ethyleneglycol and diiodomethane. The Owens-Wendt method [47] was 

employed to determine the surface energy of the different substrates used in this study. 
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The cross-sections were prepared in a DualBeam (DB) system (FEI-HELIOS 600, 

Elstar Field Emission SEM column and Tomahawk Focused Ga Ion Beam column) allowing 

both SEM characterization and the preparation of site-specific cross sections using Ga
+
 

Focused Ion Beam. Before milling the cross-section, a Pt-protective layer (named Pt-DB in 

the following) was deposited on the area of interest using the electron beam (5 kV, 800 pA 

current) for the first hundred nanometers, and then the Ga
+
 ion beam (30 kV, 230 pA) for the 

remaining 1.4 µm. SEM observations were performed at 5 kV, with electron beam current of 

400 pA and the In-Column Detector (ICD). The ICD detected Back-Scattered Electrons 

which were scattered very close to the electron beam axis and provided high Z-contrast signal 

but also a channeling effect. 

 

A Pico SPM-LE AFM from Molecular Imaging was used in tapping mode to study the 

surface morphology of the samples before and after Pt deposition. In order to determine the 

substrate coverage by nanosheets, AFM images (obtained before Pt deposition) were analyzed 

using the open-source software ImageJ 1.45s (developed by NIH, version 1.45). Brightness 

and threshold function were adjusted to separate the areas of the substrate covered by 

nanosheets from the uncoated areas in two colors. AFM was also used to determine grain size 

and average roughness of Pt thin films. The root mean square (rms) values of the average 

roughness was calculated using Gwyddion (version 2.47) software from 5 µm² areas.  

 

The resistivity measurements were carried out at RT using the four probes method. 

First, the Pt thin films were etched by Ar atoms, with an etching rate of about 35 nm/min, in 

order to obtain bars of 2 mm long and 150 µm, 100 µm or 50 µm width. Then, Pt plots were 

sputtered at RT on these bars, using lift-off. The distance between the voltage contacts was 

300 µm. The measuring current was supplied by a Marconi Adret 103A current source and the 

voltage was recorded using a Schlumberger 7150+ digital multimeter. The current was varied 

from 1 to 20 µA to verify the good linearity of the voltage. The measuring current was varied 

from 1 to 20 µA to verify the good linearity of the recorded voltage at RT. With the 150 µm 

wide microbridge and a typical Pt film thickness of 100 nm, a current of 1.5 µA corresponded 

to a current density of 10 A/cm
2
. The resistivity uncertainty was between 1 and 1.5 µΩ.cm 

and rounded to 2 µΩ.cm for simplicity. 
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3. Results and discussion 

 

3.1. Influence of deposition gas ratio on Pt crystallization and morphology 

         Figure 1.a shows a schematic drawing of the sample preparation from raw substrate to 

thin film deposition as described in the experimental section. A typical AFM image of a 

sample annealed in air at 400°C for 4 hours, and a height profile measured along the white 

line on AFM image, are given in figures 1.b and 1.c respectively. SiO2/Si substrates present a 

coverage rate by CNOns above 90% (figure 1.b), which is the minimum value used in this 

study. The monolayer thickness of CNOns was around 2 to 3 nm and their lateral size varying 

from 0.5 up to 2 µm (figure 1.c). These dimensions are similar to those found by Li et al. [48]. 

  

 

 

Figure 1: a) Schematic description of the deposition of nanosheets and of Pt thin films, b) 

AFM image of nanosheets on silicon after annealing at 400°C, and c) height profile measured 

on the white line drawn in b). 

 

As we have shown in our previous study [45], the deposition of Pt thin films on 

CNOns/Si and TiO2/Si substrates with a low pressure (0.6 Pa) of pure Ar led to an only (111) 
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orientation regardless of the growth temperature (see figure 2). 200 or 220 peaks did not 

appear at all. A low Full Half at Width Maximum (FWHM) of 1.05° was obtained at 200°C, 

indicating that CNOns allows to reduce the temperature deposition of Pt thin films on Si 

substrate [45]. Note that in this previous study, CNOns/Si substrates were air-heated at 300°C 

for 1 hour while in this study, they were air-heated at 400°C for 4 hours. This higher 

temperature allows for better removal of organic residues. This new thermal treatment does 

not change the orientation and the crystalline quality of the films grown under pure Ar at 0.6 

Pa and 1 W/cm².   

 

 

Figure 2: XRD -2 scans of Pt thin films grown at different deposition temperatures 

on a) TiO2/Si substrates and b) CNOns/Si substrates under pure Ar atmosphere (p = 0.6 Pa) 

and 1 W/cm
2
 power density. Figure 2 reproduced from reference [45].  

 

This unique (111) orientation on both substrates under standard conditions was 

expected because metals with face-centered cubic structure like Pt have a minimum surface 

energy in the (111) plane. In case of bulk Pt, the surface energy for each plane is 

𝛾111 (977 𝑚𝐽/𝑚2) < 𝛾100 (1286 𝑚𝐽/𝑚2) < 𝛾110 (1553 𝑚𝐽/𝑚2), where 𝛾ℎ𝑘𝑙 represents the 

surface energy of the (ℎ𝑘𝑙) surface [29]. So, considering only the surface energy, the film is 

more stable if (111) oriented. However, we modified the deposition conditions to change the 

Pt film orientation. These different deposition conditions (named adaptive conditions in the 

following) were a sputtering pressure of 1 Pa, a gas mixture of 90% Ar / 10%O2, and a low 

sputtering power density of 0.4 W/cm
2
 (table 1). These conditions are an optimized mixture of 

those reported in the literature adapted to our sputtering chamber [32–34,49–51]. It is also 
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possible to change the orientation of Pt films by varying its thickness [34,52], but we chose in 

this study to keep the thickness constant.  

 Pt under standard conditions Pt under adaptive conditions 

Gas Pure Ar Ar 90% + O2 10% 

Total pressure  0.6 Pa 1 Pa 

Sputtering power 1 W/cm² 0.4 W/cm² 

Pt thickness 100 nm 100 nm 

Deposition temperature RT up to 625°C RT up to 625°C 

Table 1: Experimental conditions to obtain (111) and (200) orientations of Pt. 

 

Figure 3 shows XRD patterns of Pt thin films deposited under adaptive conditions on 

both substrates as a function of the deposition temperature. It shows that when Pt thin films 

were deposited on CNOns/Si at a deposition temperature below 500°C, (111) oriented Pt was 

obtained with only a weak 200 peak at 500°C. The intensity of this 200 peak then increases 

with the deposition temperature while the intensity of the 111 peak decreases, indicating that 

Pt film changes its orientation from (111) at low temperature toward (200) at high deposition 

temperature. For all these temperatures, only the 111 Pt peak was observed on TiO2/Si 

substrate despite using adaptive conditions. This is due to the deposition temperature which is 

not sufficient to crystallize other orientations of Pt on this substrate. Indeed, the change of the 

orientation of Pt thin film from the (111) plane toward the (200) plane on silicon substrate, in 

addition to the use of adaptive conditions (high pressure, high thickness, low sputtering 

power, Ar/O2 gas mixture), requires very high deposition temperatures, typically above 750°C 

[32,33]. The XRD results presented in figure 3 clearly shows that the CNOns play a key role 

on the crystallization of Pt (200) orientation on silicon substrate, at moderate deposition 

temperature and with adaptive conditions. Note that on some patterns, the forbidden Si 200 

reflection is present. This phenomenon, known as "Umweganregung", is a multiple diffraction 

event depending on the in-plane orientation of the sample [53]. 
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Figure 3: XRD -2 scans of Pt thin films grown at different deposition temperatures under 

adaptive conditions on a) TiO2/Si substrates and b) CNOns/Si substrates. Deposition 

atmosphere was composed of Ar 90% and O2 10%, at a pressure of 1 Pa, and a low sputtering 

power density of 0.4 W/cm
2
 was used. 

 

To go further, figure 4.a shows the intensity fraction of 200 Pt peak (𝑓200) as a 

function of deposition temperature, calculated from the equation:  

                                                 𝑓200 =
2 𝐼200

𝐼111+2 𝐼200
× 100                                                           (1) 

where 𝐼111 and 𝐼200 are the intensities of 111 and 200 Pt peaks respectively. The factor 2 takes 

into account the X-Ray powder diffraction pattern of the bulk Pt [54]. It can be seen that the 

(111) orientation is dominant below 500°C on CNOns substrates. Above 500°C, the film 

orientation begins to switch from (111) to (200), and highly (200) oriented films were 

achieved from 550°C. This is in good agreement with the results for Pt thin films deposited on 

single crystal MgO substrate by PLD and sputtering [49,55]. 

 

 The influence of the deposition temperature on the FWHM of the rocking-curve of Pt 

200 and 111 peaks, for films deposited on CNOns/Si substrate, is reported on figure 4.b. The 

FWHM indicates the degree of misalignment of the crystallites relative to the normal of the 

film plane. At temperatures above 550°C, the (200) oriented films are well crystallized and 

the FWHM is below 0.8°. As the substrate temperature decreases to 450°C, the FWHM of the 
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200 peak increases while the FWHM of the 111 peak decreases, which means that a gradual 

alignment of the crystallites along the (111) planes is achieved by reducing the temperature. 

 

 

Figure 4: Influence of the deposition temperature on a) the intensity fraction of (200) Pt and 

b) the FHWM of the rocking curve of 200 and 111 peaks for Pt films deposited on CNOns/Si 

substrates under adaptive conditions. The FHWM of the rocking curve of 200 peak at 500°C 

and 111 peak above 525°C are not shown because these peaks are very broad and have very 

low intensities. Deposition atmosphere was composed of Ar 90% and O2 10%, at a pressure 

of 1 Pa, and a low sputtering power density of 0.4 W/cm
2
 was used. 

 

We have shown in our previous study [45], that the coverage of CNOns on SiO2/Si 

substrate is not a crucial parameter for the deposition of high quality (111) Pt thin films at low 

temperature. Under adaptive conditions, with CNOns coverage ranging from 30% to 96%, the 

orientation of Pt films linearly turns from mainly (111) for low covered substrates to almost 

fully (002) at high coverage (Figure 5 a) and b)). This indicates that Pt films are (200) 

oriented only on the areas of the substrate covered with CNOns and remain (111) oriented on 

the uncovered parts of the substrate. The CNOns coverage is therefore selective for the 

orientation of Pt films on CNOns/Si, confirming that nanosheets play a key role in the 

orientation control of Pt films. 
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Figure 5: a) XRD -2 scans of Pt thin films grown at 600°C under adaptive conditions on 

CNOns/Si substrates with different CNOns coverage, b) influence of the ns coverage on the 

intensity fraction of (200) Pt. Deposition atmosphere was composed of Ar 90% and O2 10%, 

at a pressure of 1 Pa, and a low sputtering power density of 0.4 W/cm
2
 was used. 

 

Figure 6.a shows the evolution of the Pt lattice parameter as a function of the substrate 

temperature in the range of 400 to 625°C, for films deposited on CNOns/Si and TiO2/Si under 

standard or adaptive conditions. For this range of growth temperature, the lattice parameter is 

lower than the bulk one (0.3928 nm) and decreases with increasing growth temperature. This 

indicates that the films are in a tensile stress in their plane. However, the lattice parameter of 

films deposited under Ar/O2 gas mixture is larger than that of the films deposited under pure 

Ar atmosphere. It is even more noticeable above 500°C where (200) Pt orientation is obtained 

on CNOns, meaning that oxygen, and perhaps sputtering power, in adaptive conditions, 

decreases the tensile stress in the Pt thin films deposited at high temperature. Similar results 

were obtained by Kim et al. [56] for Pt thin films deposited on SiO2/Si substrates under Ar/O2 

gas mixtures. These authors speculated that this tendency to decrease the tensile stress in the 

Pt thin films is due to the incorporation of oxygen into grain boundaries. It has been shown in 

various metal systems that increasing compressive stress, decreasing tensile stress, or 

minimizing surface and interface energies can lead to a change of their texture and orientation 

[56–60]. In our case, figure 6.a shows that the decrease in tensile stress is observed on both 

CNOns/Si and on TiO2/Si, and thus it does not explain why the change of orientation is 
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obtained only on CNOns. Therefore, we will discuss later the contribution of the surface 

energy of the seed layers on the orientation change of Pt thin films.  

 

 

Figure 6: Evolution of the lattice parameter (a) and of the crystallite size (b) as a function of 

the deposition temperature of thin films deposited with 10% O2 and without O2. For 10% O2, 

deposition atmosphere was composed of Ar 90% and O2 10%, at a pressure of 1 Pa, and a low 

sputtering power density of 0.4 W/cm
2
 was used. In case without O2, deposition atmosphere 

was pure Ar at a pressure of 0.6 Pa, and the sputtering power density was 1 W/cm
2
. 

 

Figure 6.b shows the evolution of the crystallite size with and without O2 as a function 

of the substrate temperature. It can be clearly seen that the crystallite size increases with the 

growth temperature, indicating that a better crystallization occurs in the films. However, the 

(200) oriented crystallites are smaller in size than the (111) oriented ones, which means that 

the size of the crystallites probably depends on the orientation of the film. 

 

According to the theory of the nucleation and growth of thin films, one of the 

parameters that determines the growth model (texturation and orientation) is the surface-

interface balance energy between the film and the substrate [61–64]. To evaluate the 

contribution of the substrate surface energy on the growth and orientation of Pt thin films, we 

studied the wettability and determined the surface energy of CNOns/Si and TiO2/Si 

substrates, using contact angle measurements. The surface energy of silicon without seed 

layer (SiO2/Si) was also determined for comparison. The contact angle is given by using the 

sessile drop method with the Young’s equation: 
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                                                         cos (𝜃) =
𝛾𝑠−𝛾𝑠𝑙

𝛾𝑙
                                                               (2) 

where 𝜃 is the contact angle, and 𝛾𝑠, 𝛾𝑠𝑙 and 𝛾𝑙 are the surface energies of the substrate, the 

substrate-liquid interface and the liquid respectively. Water, glycerol, formamide, ethylene 

glycol and diiodomethane were used to investigate wettability. Figure 7 shows the variations 

of the contact angle with the liquids and substrates. For four liquids, we found that the lowest 

contact angle were measured for the CNOns/Si substrate compared to other TiO2/Si and 

SiO2/Si substrates, indicating that a better wettability is achieved with the CNOns seed layer. 

Water gave also the highest difference in contact angle between the TiO2/Si and SiO2/Si 

substrates. 

 

 

Figure 7: Variation of the contact angle of different testing liquids on CNOns/Si, TiO2/Si and 

SiO2/Si substrates.  

 

To determine the surface energy of the substrates, the Owens-Wendt method [47] was 

used. This method considers the geometric mean of the dispersive (𝛾𝑑) and polar (𝛾𝑝) parts 

of the surface tension of the liquids and of the surface energy of the solids (eq3): 
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                                        𝛾𝑠𝑙 = 𝛾𝑠 + 𝛾𝑙 − 2√𝛾𝑠
𝑑𝛾𝑙

𝑑 − 2√𝛾𝑠
𝑝𝛾𝑙

𝑝
                                               (3) 

Substituting (eq3) in (eq2), a linear equation of the type 𝑦 = 𝑎𝑥 + 𝑏 (eq4) is obtained: 

                            
𝛾𝑙(1+cos(𝜃))

2√𝛾𝑙
𝑑

= √𝛾𝑠
𝑝√

𝛾𝑙
𝑝

𝛾𝑙
𝑑 + √𝛾𝑠

𝑑                                                                     (4) 

where 𝑦 =  
𝛾𝑙(1+cos (𝜃)

2√𝛾𝑙
𝑑

 and 𝑥 = √
𝛾

𝑙
𝑝

𝛾𝑙
𝑑 contain the known parameters, namely the measured 

contact angle, and the dispersive 𝛾𝑙
𝑑 and polar 𝛾𝑙

𝑝
 parts of the liquid surface tension for each 

liquid. The linear regression of (eq4) leads directly to the components of the solid surface 

energy: 𝛾𝑠
𝑝

= 𝑎2 and 𝛾𝑠
𝑑 = 𝑏2 with 𝛾𝑆 = 𝛾𝑠

𝑝
+ 𝛾𝑠

𝑑 (see figure 8 and Table 2 for results). As 

can be seen, the highest surface energy of 47.8 mJ/m
2
 was obtained for CNOns/Si substrate. 

No significant difference was observed for TiO2/Si and SiO2/Si substrates with surface 

energies of 42.7 and 40.9 mJ/m
2
, respectively. These surface energy values are similar to 

those reported by other authors on seed layer (tantalum) or oxide substrates [62,64]. This 

result clearly shows that the CNOns seed layer increases the surface energy compared to the 

SiO2/Si substrate. This can contribute to the nucleation and the growth of (200) oriented 

crystallites when oxygen and low sputtering power are used under adaptive conditions. This 

hypothesis can also explain the high crystalline quality of (111) Pt thin films obtained using 

CNOns/Si substrates at low deposition temperature (200°C and rocking curve = 1.05°) [45]. 

Thus, the increase of the surface energy is an important way in order to increase the 

nucleation, growth and texturation of thin films [62,64]. Note that our study of the surface 

energies was carried out at room temperature for all the substrates, and we assume that the 

surface energies evolve similarly with temperature. The same reasoning has been used to 

explain the nucleation of 15R-SiC and LiNbO3 films on different substrates [62,64]. 

 

 Surface energy (mJ/m
2
) 

Substrate 𝛾𝑠
𝑑 𝛾𝑠

𝑝
 𝛾𝑠 

SiO2/Si 21.4 ± 1.0 19.5 ± 1.0 40.9 ± 2.0 

TiO2/Si 18.2 ± 0.9 24.5 ± 1.2 42.7 ± 2.1 

CNOns/Si 17.5 ± 0.8 30.3 ± 1.5 47.8 ± 2.3 
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Table 2: Values of surface energy for each substrate deduced from contact angle 

measurement using the Owens-Wendt method. 

 

Figure 8: Linear regression of the Owens-Wendt equation obtained for different liquids and 

substrates.  

 

Figures 9 and 10 show the AFM images and surface topography of Pt films deposited 

at different temperatures with the adaptive conditions on CNOns/Si and TiO2/Si. It shows that 

the surface topography and grain morphology change with the film orientation. Smoother 

surfaces with a rms roughness of 6 to 7 nm are obtained for pure (200) orientation at high 

temperatures, while the rms roughness is greater than 10 nm for (111) films deposited at low 

temperatures (figure 9). On the other hand, the surface roughness of (111) Pt is approximately 

the same on CNOns/Si and TiO2/Si (compare figures 9 and 10, 500°C and 525°C). This 

indicates that the surface roughness depends mainly on the film orientation when the adaptive 

conditions are used. However, the rms surface roughness of the films deposited under 

standard conditions (thus with only the (111) orientation) was much lower and around 1 to 2 

nm on both substrates [45]. This difference on the surface roughness may result from the 

addition of O2, lower sputtering power, or higher pressure under the adaptive conditions. 

These conditions could then decrease the mobility of Pt atoms at the surface of the substrates 

and thus change the roughness of these films. For example, Lee et al. showed that O2 can 
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incorporate in Pt grain boundaries or lattice to form platinum oxide and alter its morphology 

and grains size [33]. 

 

Figure 9: AFM images of Pt films deposited on CNOns/Si at different temperatures and 

under adaptive conditions, with (200) and (111) orientations. Deposition atmosphere was 

composed of Ar 90% and O2 10%, at a pressure of 1 Pa, and a low sputtering power density 

of 0.4 W/cm
2
 was used. 
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Figure 10: AFM images of (111) Pt films deposited on TiO2/Si at different temperatures 

under adaptive conditions. Deposition atmosphere was composed of Ar 90% and O2 10%, at a 

pressure of 1 Pa, and a low sputtering power density of 0.4 W/cm
2
 was used. 

 

Figure 11 shows SEM images of cross-sections prepared from Pt films grown on 

CNOns/Si substrates at different deposition temperatures under the adaptive and standard 

conditions. The films deposited under the adaptive conditions have a non-uniform surface 

morphology with the presence of hollows at the grain boundaries and a variation of the 

thickness (figure 11.a). This may be due to the high pressure or the addition of oxygen in the 

sputtering gas. In contrast, as we have shown in our previous study [45], thin films deposited 

under standard conditions have a uniform surface morphology and an almost constant 

thickness (figure 11.b)). These observations are in agreement with the AFM results : the films 

under standard conditions have a lower roughness than those under the adaptive conditions. 
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The SEM images also show that the microstructure of the films varies with the temperature 

and the presence of oxygen. As can be seen in Table 3, the thickness of the thin films under 

the adaptive conditions varies greatly, and the change is more noticeable when the deposition 

temperature decreases. For example, the thickness varies between 90 to 110 nm at 625°C and 

from 95 to 140 nm (for a few grains) at 450°C. The film at 625°C has large grains of 70 to 

400 nm, and the grains size decreases with deposition temperature. For the films under 

standard conditions, the 625°C film with a thickness of 100 nm has large grains of 50-200 nm, 

but less than the 625° C film under the adaptive conditions. The film at RT with a thickness of 

90 nm has very small grains (only several tens of nanometers wide). All these observations 

show that the effect of high pressure, low power or incorporation of oxygen in these films 

largely change their morphology and their grains size. 

 

 Deposition 

temperature (°C) 

Thickness (nm) Grains size (nm) 

 

Appropriate 

conditions 

625 90-110 70-400 

525 70-120 50-100 

500 80-115 35-150 

450 95-140 (few grains) 20-100 

Standard conditions 625 100 50-200 

30 90 Few tens of nm 

Table 3: Summary of the SEM microstructural characterizations of Pt thin films on 

CNOns/Si under standard and adaptive conditions. 
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Figure 11: SEM images of Pt films grown on CNOns/Si substrates at different temperatures 

under a) adaptive conditions and b) standard conditions. Arrows highlight differences in grain 

size. Tilt angle is 52°. Pt-DB refers to the protective Pt-based film deposited in the DualBeam 

system. The white bar represents 200 nm. Figure 11.b) reproduced from reference [45]. For 

figure 11.a), deposition atmosphere was composed of Ar 90% and O2 10%, at a pressure of 1 

Pa, and a low sputtering power density of 0.4 W/cm
2
 was used. In case without figure 11.b), 

deposition atmosphere was pure Ar at a pressure of 0.6 Pa, and the sputtering power density 

was 1 W/cm
2
. 
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3.2. Influence of deposition atmosphere on the Pt resistivity  

 

The resistivity of thin films is generally greater than that of the bulk platinum (10.6 

µΩ.cm). Table 4 shows the resistivity values of the Pt thin films deposited at different 

deposition temperatures under standard conditions (with pure Ar) and adaptive conditions 

(with Ar/O2 gas mixture) on both types of substrates. The Pt thin films deposited under 

adaptive conditions show lower resistivity values of 13 to 20 µΩ.cm than those deposited 

under standard conditions with pure Ar, for which the resistivity values were 18 to 24 µΩ.cm. 

This decrease in resistivity of Pt thin films under oxygen ambient could be due to the presence 

of larger grains in the films as observed in SEM images (Table 3). Similar results were 

observed by Lee et al. [33] for Pt thin films (1 µm thick) deposited on TiO2/SiO2/Si substrates 

by magnetron sputtering. Slightly lower resistivity values (10.7 to 12.7 μΩ.cm) were obtained 

for Pt films with giant grains, deposited under oxygen ratio of 2.5 to 10% and annealed at 

temperatures above 750°C. Qiu et al. [65] also obtained a smaller resistivity value of 1.5 

µΩ.cm with 15% of oxygen, while a resistivity value of 29.4 µΩ.cm was obtained under pure 

Ar for 150 nm thick Pt films deposited on MgO substrate by magnetron sputtering at a 

temperature of 700°C. Oxygen incorporation into Pt films can change the deposition rate, 

stress, surface morphology, grain size, orientation, and resistivity. Other authors have 

observed that the addition of oxygen into a Pt thin film increases its resistivity due to the 

formation of platinum oxide [56,66]. On the other hand, this study shows that there is no 

significant difference in resistivity for the two types of seed layers as a function of 

temperature under an argon/oxygen gas mixture or with pure argon. 

 

 

 

 

 

 

 

 

 

    

 Substrate Substrate Pt film thickness Resistivity 
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temperature 

(°C) 

(nm) (µΩ.cm) 

 

Pt films 

under pure 

Ar 

CNOns/Si 625 100  18  

30  90  24 

TiO2/Si 625  110  20  

30  95  22  

 

Pt films 

under 

Ar+O2 

CNOns/Si 625 90-110 13 to 16 

450 95-140 (few grains) 13 to 20  

TiO2/Si 625 90-110 14 to 17 

450 95-140 (few grains) 13 to 19  

Table 4: Resistivity of Pt films deposited at different temperatures on the two kinds of 

substrates under pure Ar and Ar+O2 gas mixture. 

 

4. Conclusion 

 

This study focused on the influence of seed layers ([Ca2Nb3O10]
-
 nanosheets or TiO2) 

and the deposition conditions on the crystallization and orientation of 100 nm thick Pt thin 

films deposited on silicon. For Pt thin film deposited with pure argon, XRD, AFM and SEM 

imaging characterizations showed that the CNOns seed layer gave better crystallization of Pt 

thin films. The FWHM of the 111 Pt peak remains very low, even at low temperatures, i.e. 

1.05° at 200°C, indicating that the CNOns allow a significant reduction of the deposition 

temperature of Pt thin films on Si substrate. The addition of oxygen during deposition under 

adaptive conditions leads to a change of the orientation of Pt films, from (111) to fully (200), 

only on the CNOns seed layer, and above 550°C. Furthermore, oxygen addition, low 

sputtering power and high pressure change the surface morphology, roughness, grain size and 

resistivity of the Pt thin films deposited on the CNOns and TiO2 seed layers. Slightly lower 

resistivity values of 13 to 20 µΩ.cm were obtained for these Pt thin films. Finally, the 

possibility of tuning the orientation of Pt films on silicon substrates and at fairly low 

temperature (550°C) thanks to nanosheets, open the perspective of a wide variety of complex 

oxides integration, with interesting dielectric, ferroelectric or magnetoelectric properties.  
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