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Lower leakage current through nano particles 304-L stainless
steel coated with thin film
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Abstract: Layer of Ni-Fe was synthesized on stainless steel and deposited on sample with
using the chemical sol-gel and dip coating routes, respectively. Nano crystallite and
amorphous structures thin layers were investigated with atomic force microscopy (AFM),
energy dispersive x- ray (EDX), scanning electron microscopy (SEM) and x-ray diffraction
(XRD) techniques. The surface roughness, dielectric properties and leakage current through
coated 304L- Stainless Steel (304 L- SS; a kind of SS) have been studied. The experimental
results indicate that Ni plays an important role in reducing surface roughness and leakage
current. Furthermore, the current measured with GPS 132A tool. The flux current sample
with 20 gr Ni, synthesized at 700 °C was higher than the other present samples.
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Introduction

Along with experimental works that are being published and corresponding vacuum chamber designers,
ultra high vacuum chamber (UHVC) experts have started to gauge the performance of current stainless steel
(SS) chamber for growing ultra-pure and ultra-thin film on a suitable substrate. Researchers have reported [1-6]
several experimental results which obtained with high quality ultrasonic shot peening, fiber laser and
electrochemical scanning tunneling microscopy in combination with the scanning tunneling spectroscopy. They
have studied local electrophysical properties, surface nanocrystallization, inter granular corrosion that
determines UHVC corrosion and as-welded behavior [7,8]. Our recent work [9] is supplement by studying the
surface nanocrystallization properties of extra low-carbon variation of AK steel type, show that SS sample with
a 0.03 percent maximum carbon content can eliminate carbide precipitation due to welding and use in the as-
welded condition, even in severe corrosive conditions [10]. It also eliminated unwanted bonds, pits and
annealing elements [11].

The leakage current through the UHVC device is still too high [12]. For this purpose, UHVC coated
with metallic oxide thin film has been considered as a good candidate of coated film for reducing leakage
current through the SS-UHV chamber body [13-15]. Furthermore, nanocomposites composed of metal oxide
nanoparticles embedded in SS matrices show magnetic, electric and catalytic properties depend on particle size
[16-20].

Therefore, reduction of leakage current is a key point for fabrication of UHVC which can keep low
pressure down to 10™* Torr for growing, synthesizing so pure ultra- thin and nano scale materials inside UHVC.
Reduced dirty and impurity can strongly change the thickness of ultra-thin film down to 1-2 nm [15]. Moreover,
the vacuum chamber should also stand its stability to prevent corrosion. The present study synthesized nano
Ni-Fe particles by sol-gel method and then coated 304L- SS with Ni-Fe film by dip coating method. Our results
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indicate that 304L-SS with 20 gr Ni content (synthesized at 500 °C) respect with conventional SS device (mass
%; 11.95 Ni) due to its less fractural structure and light atom penetration can be used for the next UHVC
generations.

Experimental

The materials were used for synthesis with sol-gel: Fe(NO;);, 9H,0 (Merck), Ni(NOs),, 6H,O (Merck),
NaOH, (NH4),COs;, 6H,O (Merck), ethylene glycol (p.a.), ethanol (C,HsOH) and tetra ethyl ortho silicate
(TEOS) (Fluka,98%). The metallic nitrates with different stoichiometricratios, have been dissolved in ethylene
glycol and ethanol. The obtained solution has been slowly added into ethanol, TEOS and NaOH solutions by
drops while stirring. The homogenous and clear gel was obtained after 24 h stirring in at room temperature and
air atmosphere. The obtained gels have been dried at 80 °C for 15 minutes in oven. After drying and milling, the
resulted powders have been annealed at different temperatures (100° C — 700 ° C) with 10- 30 gr Ni nano
particles.

The 304 L-SS samples (3cmx1cm, 20 mm thickness) prepared by polished from one side for ensuring
smooth surface into ethanol. Then 304 L-SS samples put in an ultrasonic bath for one hour and cleaned them by
passing current through the samples several times.

A residual gas mass spectrometer has shown that a very low proportion (about 5 percent) of oxygen and
carbon is produced with this setup. Typical pressures in the chamber during experiments into the vacuum

chamber were around 5x10 ~ Torr. The chemical compositions are recorded in Table 1.

Tablel: Chemical composition of 304 L-SS (mass 96).

C Cr Ni Mo Mn Si Cu
0.019 17.07 11.95 2.04 1.68 0.35 little

Discussion and Result

The structural evolution of samples is characterized by XRD, SEM, EDX, and AFM techniques. XRD

spectra are performed with Cuy, radiation (A =1.54064") source, at scan rate 1(degree/min) for 20 ranging
from 5°to 70° and shown in Figure 1.
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Figure 1: The XRD patterns for synthesized (a) 20 gr Ni at 100° C, (b) 10 gr Ni at 500° C, (c) 20 gr Ni at
500° C, (d) 30 gr Ni at 500° C and (e) 20 gr Ni at 700° C.

Figure 1 XRD patterns shows in the crystallization structure at 100°C (with 20 gr Ni nano particles),
500°C (with 10 and 30 gr Ni nanoparticles) and 700 °C (with 20 gr Ni nano particles). The dominated peaks
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exhibit the face center cubic (FCC) crystallite structures. As shown in Figure 1(c), the sample annealed at 500
°C with 20 gr Ni nano particles is nearly amorphous.

Table 2: there are Lattice parameter (a) and Brage planar distance (d;1) of coated layers measured for
20 gr Ni nanoparticles at different temperatures.

T(°C) 100 500 700
D(scherrer) 4.18 4.19 4.21
D(X-powder) 2.7016 3.1 3.1002

Experimental FwHI= 0.345

FwHM Alphad Carrected= 0,330
True FwHM= 0275

Inteqgral breadth= 0,405

Scherrerz 27 nmineglects strain)
Carrec.Scherrerz 34 nmineglects strain)
Integral Obs.counts= 3300
Integral Cal.counts= 3843
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Figure 2: X- Powder software calculated Brage planar distance (d;o;) of layer with 20 gr Ni,
annealed at 700 °C.

Additionally, the Ni-Fe lattice parameter increases with increasing temperature. Figure 2 displaysd-
spacing measurement for the sample with 20 gr Ni, synthesized at 700 °C. Table 2 shows that the lattice
parameter (a) and Brage planar distance (d;0;). For patterns with 20 gr Ni, and lattice parameters (d) increased
with increasing temperature.

The average nanocrystallite size can be deduced from Scherer equation [1]:

KA
P cosb

(D

Where D is the crystallite size of nano crystallites, K is a constant value (0.94), 4 is the wavelength of X-ray
(Cuy= 1.5406A), [ is the full width at half maximum (FWHM), and 0 is the center of diffraction angle. X-

powder software has also been used to measure the crystallite size (Scherer equation can be applied for
spherical crystallites). The size of nano crystallite found by Scherer equation (Eq.1) and X- powder software are
listed in Table 3.The layer with 20 gr Ni, synthesized at 500 °C lead to amorphous structure.

As shown in Figure 3, there are Fe-Ni sol material in the hot plate with magnet. The SS sample was
immediately transformed in the hot plate and dip-coated. We could found the element of Fe, Ni, C, O and Si in
the sample. By considering and focusing on Ni peak, we pursue, some difficulties which still exist in forming
ideal SS (i.e., free of porosity, contamination, interstices, etc). These issues are obstacles for growing pure ultra-
thin film and getting the desirable pressure inside UHVC. In fact, the majority of failures of UHVC engineering
materials are very sensitive to the hug peaks of Fe, C and O in the structure and existence of the other transition
peaks due to K and K, and so on beside K, transition. Figure 3 shows low background that meaning some other
transitions, inter band transitions and surface Plasmon could be remarkably reduced. It means that the better
structure could be formed with 20 gr Ni nano particles at 500 °C.

The presence of Ni and O in SS matrix revealed with EDX technique (Figure 4) during synthesizing
processes are responsible for these structural changes, which can lead to changes in their electrical properties as
well.
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Figure 3: EDS results show wt% elements on coated 304 L stainless steel.
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Figure 4: SEM images of 304 L SS coated with Ni-Fe synthesized (a) 10 gr Ni at 100 ° C, (b) 10 gr Ni at
500° C, (c¢) 20 gr Ni at 100° C, (d) 20 gr Ni at 500 ° C, (e) 30 gr Ni at 500 ° C.

Figure 5: AFM images of 304 L SS coated with Ni-Fe synthesized (a) 10 gr Ni at 100 ° C, (b) 10 gr Ni at
500 ° C, (¢) 20 gr Ni at 100 ° C, (d) 20 gr Ni at 500 ° C, (e) 30 gr Ni at 500 ° C and (f) 20 gr Ni at 700 °C.
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In parallel to XRD and EDX techniques, the samples were analyzed by using SEM (Figure 4), AFM
morphology and topography spectra (Figure 5).

Topography spectra and Nano surf data (Table 4) indicate AFM applications concentrate on
characterizing statistical in table 4 properties of these coatings, found rather than the size of specific structures.
The roughness values (The average roughness (S,), mean value (S,,) and root mean square (Sq)) are calculated
according to the following formula:

l -1
S, = — z(x (2)
a N ot | ( l)|
! %il (x,) A3)
S = —)> z(x
m N et l
S, =y GG 4)
1=0
The valley depth (S,) is lowest value, the peak height (S,) is highest value and the peak-valley height is
(Gv).
5}' = 5_.:& — 5;.' (5)

Different surface roughness at 100, 500 and 700 °C shown in Table 4, demonstrated that the sample 20 gr
500 °C has lower Sq(7.314 nm) and S,, (3.565 nm) respect with other sample present.

Table 4: Roughness parameters obtained for 304L- SS coated with Ni-Fe thin layer at different

temperature.

Roughness | Sample with 20 gr Ni, Sample with 20 gr Ni, | Sample with 20 gr Ni,
parameter | Synthesized at 100°C Synthesized at 500° Synthesized at 700°C

(nm)

Sa 6.551 5.7110 19.013

Sq 8.632 7.314 22.584

Sy 5.384 1.218 54.152

S 4.861 3.565 18.018

In the present work, the pattern with 20 gr Ni annealed at 500 °C shows 5a so much decrease. Uniform
surface is observed for 304 L-SS coated with 20 gr Ni at 500 °C. The SEM and AFM images exhibit crack
surface morphology for 20 gr Ni synthesized at 100 °C, 10 and 30 gr Ni synthesized at 500 °C and 20 gr Ni
synthesized at 700 °C. Lower roughness and crack free of the sample surface with 20 gr Ni at 500 °C (nearly
amorphous structure) makes it more mechanical stable structure. Lower cracks indicate leakage flow into the
chamber is reduced.

To study leakage current and/or light atom penetration through the SS coated with thin layer of Ni-Fe
film with deep coating method, we used Poole—Frenkel model [16] can be written as:

1/2
1 577 eV
~ 0,
kT Kd

B (6)

J=AT26xp

Where, K is the dielectric constant of the film, d is electrode spacing, ¢ is the depth of the trap potential leakage

current and A (A=120 A/cm’K?) is the Richardson constant. . For this purpose, it is clear that T and K are key

parameters. For measuring the dielectric constant we made capacitors with Ni-Fe dielectrics thin layer on 304

L-SS. By fabricating parallel plate capacitors and using LCR meter (model; GPS 132 A), the capacity (c) has

been measured. Consequently the dielectric constant has been determined with using the following equation:
Afp

C=K 3 7
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Where C is capacitance, & (o= 8.85 x 107 (F-m") is the permittivity of free space, A (A = 1.2 Cm’) is
the area of the capacitor, d (d = 3 mm) is the thickness of the dielectric and film K is dielectric constant. The
resulting are listed in table 5. The electrical resistivity of the films decreases with the Ni contents. As shown in
Table 5 (for the sample with 10- 30 gr Ni and T= 100-700 °C), self-inductance (L), resistor (R), C, K, Quality
Factor (Qr) and Dissipation Factor (Dr) have obtained for samples with 10- 30 gr Ni and annealed at 100 °C —
700 °C temperatures.

Table 5: L, C, R, k, Qr and Dy are measured with GPS 132 A.

Sample L) | CEeP [RMQ) | K Qr D¢
20 gr Ni & T=100°C | 18.5 97 |2.725 274 | 0.9406 | 1.0632
10 gr Ni & T=500°C | 2053 | 102 | 2.673 28.8 | 1.2320 | 0.4480

20 gr Ni & T=500°C | 361.6 13.8 | 3.216 38.9 2.2320 0.6172
30 gr Ni & T=500°C | 270.1 12.7 | 2.710 35.6 1.6070 0.6222
20 gr Ni & T=700°C | 190.9 113 | 2.161 31.9 1.6200 0.8117

Table 6: Current flux (I) through the capacitor versus applied voltage (V= 0.15 KV).

Sample 20 gr Ni, 10 gr Nij, 20 gr Ni, 30 gr Ni, 20 gr Ni,
T=100 °C T=500 °C T=500 °C T=500 °C T=700 °C
I (mA/m’) 0.11 0.09 0.06 0.1 0.15

Different k values show that coated Ni-Fe samples with 20 gr Ni at 500 °C, has higher dielectric
constant. To test the samples, we found the rate of energy less the quality factor (a;) and the sample tunneling,
higher quality factor due to dipole moments amplification.

EnergyStored
0, =2mx & @®)
F Energydissipated per cycle
Dr is rate of energy loss in capacitor as follow
1
Dp=—
QF 9)

Higher Qr indicates a lower rate of energy loss relative to the stored energy in capacitor.

Dr can vary depending on Ni crystallite size, the dielectric material and synthesized temperature.
Increased temperature and decreased D observed with increase Ni content.

Surface morphology of Ni-Fe thin layer on 304L- SS are characterized by EDX, SEM, XRD, AFM
techniques. The effect of Ni content and temperatures on 304L- SS synthesized the formation of Ni-Fe coated
layer lead to change leakage current the structure. Results indicate that the 20 gr Ni content in thin film layer
strongly influences the phase's formation, lower leakage current, more stable structure and homogeneous
distribution of the thin film layer that can be used for the future of UHVC productions.
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