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10 Abstract: The roles of oxygen gas in crystal orientation, surface morphology and electrical resistivity of
11 Pt thin films grown on MgO(001) substrate by magnetron sputtering are studied. With a well-controlled
12 oxygen ratio (15% oxygen) during sputtering deposition with Ar-O, mixture ambient, (001) epitaxial
13 growth of Pt film on MgO substrate is achieved with an epitaxial orientation relationship of
14 (001)Pt//(001)MgO and [100]Pt//[100]MgO. Microstructural and electrical characterizations reveal that
15 the (001) Pt thin films possess very smooth surface and good conductivity. The formation and subsequent
16 decomposition of platinum oxides in the Pt films grown with more than 30 % oxygen result in an increase
17 of surface roughness and electrical resistivity. The high-quality Pt(001) film has large potential for
18 integrated electronic device applications.

19

20 Key words: Pt film, epitaxial growth, oxygen ratio, microstructure

21

22 1.Introduction

23 Thin platinum (Pt) film is commonly used as the bottom electrode or seed layer for ferroelectric
24 oxide thin films due to its good chemical and thermal stability. Pt has a face-centered cubic structure with
25 a lattice constant (0.3924 nm) matching most of the perovskite oxides, such as (Sr,Ba)TiO;(a= 0.3905
26 nm), Pb(Zr,Ti)O;z (a~0.40 nm) and (La,Ca)MnO;(a~0.38 nm)_For example, the excellent lattice match

27 between Pt and SrTiO; has enabled the epitaxial growth of Pt(001) on SrTiO5(001) by pulsed-laser

© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/.


mailto:qxy2001@swu.edu.cn

10

11

12

13

14

15

16

17

20

21

deposition, atomic layer deposition, and sputtering [1-5]. Under some artificially tailored deposition
conditions, even there is a large lattice mismatch (5-10 %), stable epitaxial Pt films can still be grown on
MgO[6-9], Al,O3[6], buffer layer-covered Si [10-13], SiN[14], Fe30415], ZrO,[16-17] and
sapphire[18-19]. Compared to [111]-orientation, it is more difficult to prepare stable Pt thin films with
[001]-preferred orientation on the same conditions, because Pt(001) plane has a higher surface energy
(1286 erg/cm?) than Pt(111) plane (977 erg/cm?) [20]. Therefore, even on the (001) substrate of cubic
oxide material, the Pt film still prefers [111] growth orientation because the close-packed growth favors
the growth along [111] directions. Moreover, due to its high activation energy of diffusion, the
[001]-orientated Pt films need high deposition/annealing temperature (> 500°C), and usually exhibit a
cross-hatched surface pattern [3] or pinhole microstructure[14], which greatly suppress the uniformity and
density of Pt film. MgO has a higher surface energy (1200 erg/cm?) than other oxide materials, suggesting
that it is highly desirable for the c-oriented Pt film growth. In our previous work [21], oxygen in the
sputtering ambient plays a key role in achieving the epitaxial Pt films on MgO(001) substrates. In this
paper, we investigate effects of oxygen ratio in sputtering ambient on the crystal structure, surface
morphology, and electrical resistivity of Pt films. Under optimized conditions, we have achieved
high-quality epitaxial Pt(001) films on MgO(001) with smooth surface and good conductivity.
2. Experimental section

A Pt metal plate with a purity of 99.99 % was used as the sputtering target for depositing thin Pt
films on MgO(001) single-crystal substrates. Because MgO has a high chemical activity with water and
carbon dioxide in air, there is usually one hydrate or carbonate layer covered on it. Thus, prior to

deposition, the re-polishing and pre-heating treatments proposed by M. Huth et al. [22-23] are carried out:
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First, the MgO(001) single-crystal substrates were re-polished by using an OP-S suspension consisting of
25% SiO, and 75% H,0 for 4h. Then, the substrates were cleaned in ethanol, dried by pure nitrogen, put
in the chamber with a basic pressure of 2.4x10™Pa, and finally pre-heated at 700°C for 1h to obtain a
well-ordered surface suitable for epitaxial film growth. About 150 nm-thick Pt films were deposited on
treated MgO substrate at 700°C in 2.7 Pa Ar-O, mixed ambient with different oxygen ratios (0, 15, 30 and
45 %) by using dc-sputtering with a working power of 35 W (growth rate is 941 nm/min). After
deposition, the Pt films were in-situ annealed in deposition ambient or pure Ar ambient for 30 min.

Preferred crystal orientations of the grown Pt films were examined by 6-26 x-ray diffraction, ¢-scan
and y-o map by means of the x-ray double-crystal four-circle diffractometer (XRD, Bede D1).
Micro-structural characteristics were performed using transmission electron microscope (TEM,
JEM-2100F). The surface morphology was investigated by scanning electron microscope (SEM,
JSM-7100F) and atomic force microscope (AFM, Hitachi E-sweep). The electrical resistivity was
measured using four-point probe combined with Keithley 2400 sourcemeter.
3. Results and discussions

As discussed in the introduction, our previous work [21] has revealed that an oxygen-containing
ambient is necessary for the epitaxial growth of [001]-oriented Pt films on MgO substrates. Therefore, we
firstly investigated effects of the oxygen ratio in Ar-O, mixed ambient on the microstructures of the Pt
films on MgO(001) substrates. Fig.1 shows 626 XRD patters for the Pt films on MgO(001) substrates
deposited in 2.7 Pa Ar-O, mixed ambient with different oxygen ratios (0, 15, 30, 45 %). Because the
signal from MgO single-crystal substrates is too strong, all the XRD patterns are plotted using a

logarithm-type Y-axis. As shown in Fig.1, the Pt film deposited in pure Ar ambient (0 % oxygen) is
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polycrystalline exhibiting three peaks: Pt(111), Pt(002) and Pt(220). When the oxygen ratio in sputtering
ambient reaches 15 %, Pt(220) peak vanishes and Pt(111) peak becomes very weak; while Pt (002) peak
becomes as strong as MgO(002) peak. After in-situ annealing the film at 700°C in 15 % oxygen ambient
for 30 min, the Pt(111) peak becomes obvious again; while annealed in pure Ar ambient for 30 min, the
Pt(111) peak vanishes, only a strong Pt (002) peak retains (as shown in Fig.2), revealing the epitaxial
growth of Pt(001) film on MgO. However, it is noted that the Pt(002) peak gradually decreases with
further increase of oxygen ratio, and when the oxygen ratio reaches 30 %, one weak peak belongs to
Pt30,4(320) can be seen. When the oxygen ratio reaches 45 %, the Pt30,(320) peak becomes much
stronger than the Pt(002) peak; Moreover, the once vanished Pt (111) and Pt (220) peaks appear again.
This result reveals that the Pt films are oxidized and poly-crystallized again when the oxygen ratio is
higher than 30 %. In order to investigate the crystallinity of the [001]-oriented Pt films deposited with 15
and 30 % oxygen, their rocking curves taken at Pt (002) diffraction were also measured. As shown in
Fig.3, for the Pt film deposited with 15 %-oxygen, the full width at half maximum (FWHM) of Pt (002)
reflection is 0.17°, which is smaller than that (0.23°) of the Pt film deposited with 30 % oxygen, showing
higher [001]-oriented epitaxial quality. Based on above XRD investigation results, the optimized oxygen
ratio for growing epitaxial Pt (001) film on MgO (001) is determined to be 15 %.

Figure 4 shows SEM images of Pt films deposited with different oxygen ratios. As seen from Fig.4a,
the film deposited in pure Ar (0 % O,) is polycrystalline with an average particle size of 20-30 nm. For
the film deposited with 15 % oxygen, it exhibits a smooth surface composed by rectangular terraces
(Fig.4b), which is the typical surface morphology for the Pt (001) plane. While for the film grown with

30 % oxygen, those rectangular terraces become more distinguishable, but some square pores appear, as
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shown as Fig.4c. It can be also see in Fig.4d that when the oxygen ratio increases to 45 %, the Pt film

exhibits percolating Pt networks infiltrated with interconnected nano-sized pores, resulting in an increased

surface roughness and pores. This phenomenon is similar to what has been reported by Jung et al.[24]:

these pores come from the formation and decomposition of platinum oxides with accompanied loss of

oxygen during the 700°C -deposition process.

Table 1 Resistivity of Pt films deposited in Ar-O, mixed ambient with different oxygen ratios

Sputtering ambient Resistivity (Q-m)
100 % Ar (0 % oxygen) 2.94x107

85 % Ar +15 % O, 1.51x10°®

70 % Ar + 30 % O, 1.70x10°®

55 % Ar + 45 % O, 2.72x107

Table 1 lists the electrical resistivity of Pt films deposited with different oxygen ratios. The Pt film
grown with 15 % oxygen exhibits the smallest resistivity of 1.51x10Q.m, while the Pt film grown with
45% oxygen shows a resistivity as high as 2.72x107Q . m. The possible reason for the decrease of
conductivity of Pt film with an increased oxygen ratio is the formation of platinum oxides. However, one
may also notice that the Pt film grown in pure Ar ambient (O % oxygen) possesses higher resistivity
(2.94x107Q.m) than that of the Pt film grown with 15% oxygen. This resistivity difference can be
attributed to their deference on the film crystallinity and morphology: the Pt film grown in pure Ar
ambient (0 % oxygen) is polycrystalline with a loose and rough surface, while the Pt (100) film grown
with 15% oxygen exhibits a dense and smooth surface as revealed by SEM investigations (see Fig.4).

Above SEM and electrical resistivity investigation results demonstrate again that the Ar-O, ambient with
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15% oxygen is the optimized ambient for growing epitaxial Pt films on MgO (001) substrates. How to

understand the fact that a small amount of oxygen (15 %) improves the epitaxial growth of Pt(100) film

on MgO(100) substrate? There are two possible reasons: (1) Like what the hydrogen does to flatten the

SrTiO; surface energy level [25], oxygen atoms reduce oxygen vacancies formed at high temperature

(700°C) on the surface of MgO substrates and decrease the surface barrier of MgO, thus improve the

epitaxial growth of [001]-oriented Pt. (2) The other reason is sulfur impurities in the Pt target, since sulfur

is usually used as a catalyst to purify Pt in metallurgical manufactures. Because the concentration of

sulfur-containing impurities is less than 0.0002% ( data come from the supplier of Pt target (MTI Corp.)) ,

we failed to detect it by energy-dispersive x-ray spectrum and x-ray photoelectron spectrum, but Tsong et

al.[26] have observed the segregation of sulfur on the metal surface at high temperature even though the

bulk impurity content is less than 100 ppm. Moreover, Chen et al.[2] have systematically discussed the

existence possibility of sulfur-containing impurities in the Pt target and effects of oxygen on the epitaxial

growth of Pt film on SrTiO3(100) substrates. We believe that similar phenomena also appeared in our

experiments, i.e., sulfur-containing impurities deposited on MgO surface act as nucleation seeds for the Pt

(111) close-packed growth based on the 3-D island growth mode[16]. Fortunately, the introduced oxygen

atoms react with sulfur atoms to form volatile sulfur oxides at high temperature, which can be pumped

out from the chamber during the deposition/annealing progress. Therefore, a highly epitaxial

[001]-oriented Pt can be achieved. But it should be pointed out that if the oxygen ratio exceeds a certain

level, excess oxygen atoms should result in the oxidation of Pt. During the subsequent high-temperature

(> 600°C) depositing/annealing progress, the decomposition of platinum oxides should result in the

appearance of nanopores on the surface of Pt film (see Fig.4c and 4d)



10

11

12

13

14

15

16

17

20

21

Effects of annealing ambient on the morphology of Pt films deposited with 15 % oxygen were also
investigated. For the flat surface of the as-deposited sample (Fig.5a), annealing treatments make it more
rough and non-uniform: more cliffy terraces and square pinholes are observed for the sample annealed in
15 % oxygen ambient (Fig.5b), while some " hillocks " emerge on the surface of the sample annealed in
pure argon(Fig.5¢). The possible reason is that, when annealing the as-deposited Pt film in oxygen-rich
ambient, oxygen atoms not only oxidize sulfur atoms to volatile sulfur oxides, but also oxidize platinum
atoms to platinum oxides, The former one can be pumped out the chamber during depositing process,
while the later one will decompose during the subsequent 700°C-annealing process, thus results in the
appearance of cliffy terraces and square pinholes. Similar result has been observed by W. C. Jung et al.
[24]. On the other hand, the oxygen-enhanced self-diffusion and agglomeration of metal atoms at the high
temperature also contribute to the growth of pinholes[27-30]. By contrast, after annealing the sample in
pure argon ambient at high temperature, the surface reconstruction on the basis of the thermal stress
relaxation [14] or elastic interaction between the film and the substrate [29] acting as a driving force for
the formation of "hillock" on the argon-annealed sample surface.

In order to characterize the surface roughness of as-deposited Pt films grown with 15 % oxygen,
atomic force microscopy investigation was also employed. As shown in Fig.6a, the surface is full of steps
Jterraces and some “pores", but the surface roughness is only about 3.31nm in a 4>4 pm? area, and the
root mean square roughness (Ryns) is only 0.47 nm. These steps are faceted with fixed direction,
suggesting that the Pt film is highly oriented. The corresponding line profile (Fig.6b) shows that the
smallest step height is about 0.9 nm, and the largest "pores" depth is about 2.7 nm, all of them are very

close to multiples of a unit cell height (0.4 nm) of the cubic Pt structure. Moreover, it is noticed that those
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steps have sharp cliff, implying that the Pt film favors the growth in cube-on-cube mode rather than the
layer-by-layer mode which the film should be grown with half unit cell height.

The in-plane orientations for Pt(111) thin film on MgO (001) single-crystal substrates were
investigated by using the x-ray double-crystal four-circle diffractometer. The ¢ - scans of the cubic Pt{111}
and cubic MgO{111} reflections are shown in Fig.7a. We can see that both of them show very nice
four-fold symmetry diffraction peaks with an interval of 90" from 0 to 360". This reveals that thin Pt films
have significant growth characteristic of in-plane orientation, as we expected. The x-ray y-o map of
Pt{111} has been measured by the symmetrical diffraction geometry (here the in-plane Bragg angle
set-up is © = 19.85°, 20 = 39.79" and y = 47.56'), where a strong dispersion of Pt {111} poles is observed
(Fig.7b). Pt{111} reflections on the y-o map display four symmetrical spots with 90" distinction.
Moreover, the intensity of four poles on Pt{111} reflections is evenly distributed. The ¢ - scans and y-®
map analyses reveal that the Pt film grown on MgO(001) substrate is highly oriented along the [00h]
direction and exhibits a good in-plane relationship of (100)Pt// (100) MgO and (010)Pt//(010)MgO.

Fig. 8a is a cross-section HRTEM image of the Pt/MgO interface observed along the [100] zone axis.
There are no voids at the Pt/MgO interface, indicating good adhesion at atomic level. However, a
interfacial mismatch-induced dislocation network (pointed by arrows in inset) can be observed at the
Pt/MgO interface. These dislocations release the tensile stress from the lattice mismatch between Pt and
MgO lattice and facilitate the epitaxial growth of Pt film along [001] direction. Fig.8b shows the
corresponding selected-area diffraction pattern (SADP) of the Pt(001)//MgO(001) interface. We can see
that Pt diffraction dots almost comply with the 4-fold symmetry of the MgO(001) surface, demonstrating

that the Pt/MgO orientation relationship is cube-on-cube. This confirms the results obtained by ¢ -scans
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and y-o map in the XRD analysis.

4 Conclusions

In conclusion, effects of oxygen gas on morphology, crystal structure and electrical resistivity of Pt

films grown on MgO(001) substrates have been investigated. High-quality epitaxial Pt (001) films have

been successfully prepared on MgO(001) using magnetron sputtering in a Ar-O, mixed ambient with a

15 % oxygen ratio. With the increase of oxygen ratio, the surface roughness of Pt film increases.

Moreover, platinum oxides are formed after the oxygen ratio is more than 30 %, resulting in the increase

of electrical resistivity of Pt film. The epitaxial growth of Pt on MgO(001) is based on a cube-on-cube

model, and the interfacial dislocation network is formed to relax the lattice mismatch-induced strain and

facilitate the epitaxial growth of the Pt film. High-quality epitaxial Pt film has large potential to be used

as a template for the growth of many functional materials thin films for device applications.
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Figure Captions

Figure 1 6260 XRD patterns for the Pt films on MgO(001) substrates deposited in 2.7 Pa Ar-O, mixed

ambient with an oxygen ratio of 0, 15,30,45 %, respectively.

Figure 2 6260 XRD patterns for (a) the as-deposited Pt films with 15 % oxygen before and after in-situ

annealing at 700°C for 30 min in (b) 15 % oxygen and (c) pure Ar ambient, respectively.

Figure 3 Rocking curve of Pt (002) diffraction for the Pt film deposited with (a)15 and (b) 30 % oxygen,

respectively.

Figure 4 SEM images for Pt films on MgO(001) substrates deposited in 2.7 Pa Ar-O, mixed ambient with

an oxygen ratio of (a) 0, (b)15, (c) 30 and (d) 45 %, respectively.

Figure 5 SEM images for (a) as-deposited Pt films with 15 % oxygen before and after in-situ annealing at

700°C for 30 min in (b) 15 % oxygen and (c) pure Ar ambient, respectively.

Figure 6 (a) Atomic force microscopy image and (b) the line profile for the Pt film grown with 15 %

oxygen.

Figure 7 (a) X-ray ¢ -scans and (b) y-o map for the epitaxial Pt film on MgO(001) taken at {111}

reflections of Pt and MgO

Figure 8 (a) The cross-section HRTEM image and (b) corresponding selected area diffraction pattern

(SADP) of the Pt(001)//MgO(001) interface for the sample grown with 15 % oxygen. Inset in Fig.8a is

the inverse Fourier transform (IFTF) image for the selected area marked with dashed box.

13
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Figure 1 ¢26 XRD patterns for the Pt films on MgO(001) substrates deposited in 2.7 Pa Ar-O, mixed

ambient with an oxygen ratio of 0, 15,30,45 %, respectively.
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Figure 3 Rocking curve of Pt (002) diffraction for the Pt film deposited with (a)15 and (b) 30 % oxygen,

respectively.
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Figure 4 SEM images for Pt films on MgO(001) substrates deposited in 2.7 Pa Ar-O, mixed ambient with

an oxygen ratio of (a) 0, (b) 15, (c) 30 and (d) 45 %, respectively.
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Figure 5 SEM images for (a) as-deposited Pt films with 15 % oxygen before and after in-situ annealing at

700°C for 30 min in (b) 15 % oxygen and (c) pure Ar ambient, respectively.
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Figure 6 (a) Atomic force microscopy image and (b) the line profile for the Pt film grown with 15 %

oxygen.
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Figure 7 (a) X-ray ¢ -scans and (b) y-o map for the epitaxial Pt film on MgO(001) taken at {111}

reflections of Pt and MgO
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Figure 8 (a) The cross-section HRTEM image and (b) corresponding selected area diffraction pattern
(SADP) of the Pt(001)//MgO(001) interface for the sample grown with 15 % oxygen. Inset in Fig.8a is

the inverse Fourier transform (IFTF) image for the selected area marked with dashed box.
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