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Abstract 

 

Lithium-ion batteries have the highest gravimetric and volumetric storage capabilities of any 

rechargeable battery system of today. The battery dominates the market for portable devices, 

and is also likely to expand to the market of electric vehicles. At the core of the Li-ion battery 

technology are electrodes that are able to intercalate Li-ions. One such electrode is [material 

A]. In this work, thin film [material A] electrodes were coated with graphene oxide using spin 

coating, and a temperature of 300°C were used to reduce the amount of oxygen to increase 

the conductivity of the coating. Atomic Force Microscopy, Kelvin probe Force Microscopy and 

Raman spectroscopy were used to characterize the coating, which showed to be an 

inhomogeneous film with reduced graphene oxide flakes of 1 nm thickness covering 25±5% of 

the surface. Coin cells were made using the thin film [material A], both coated and uncoated 

for comparison. The coated electrode coin cells showed a capacity at 70-75% that of the 

uncoated electrode coin cells. The percentage loss of capacity was very close to the 

percentage coverage of the surface. The loss was attributed to Li-ions incapable of diffusing 

through the coated flakes. While the thermal reduction was successful in reducing the amount 

of oxygen, some further treatment inducing carbon vacancies in the flakes could better the 

electrochemical performance of the coated cells by introducing a means for Li-ion diffusion.
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1. Introduction 

 

Lithium based primary batteries were developed in the 1970s, with lithium-metal used as the 

negative electrode. The advantage of using lithium in batteries is the high-energy density, 

which stems from lithium having a small atomic number, and a highly negative redox potential. 

Following the development of primary cells, many attempts were made to make a high-energy 

rechargeable battery based on lithium-metal, but these batteries had serious shortcomings 

when it came to the recharging of the battery. During the recharge, excessive heat generation 

occurred, many times causing the battery to burst into flames. The heat generation was later 

related to the formation of dendrites at the lithium-metal negative electrode [1]. These 

problems were tried to be solved by using lithium alloys, and with electrolytes that 

polymerized at higher temperature to shut down cell operation. As of today, lithium-metal is 

mainly restricted for use in small coin cells, and for testing.  

With the limitations of the lithium-metal, the rechargeable battery research shifted 

to instead use Li-ions intercalated in electrode materials based on other elements than lithium. 

Today’s lithium-ion batteries use this technique of intercalating lithium-ions in both positive 

and negative electrode [1]. A comparison between lithium-ion batteries and the other major 

rechargeable battery systems is given in Figure 1. 

 



 
 

 

Figure 1. Comparison of the major rechargeable battery systems regarding energy density (Wh/l) and specific 

energy (Wh/kg). 

 

Key characteristics of Li-ion batteries are the high gravimetric and volumetric storage 

capabilities compared to the other systems. This has led to Li-ion batteries taking over the 

market for portable devices, and is the foremost used batteries for laptops, mobile phones and 

other electrical devices.  Lithium-ion batteries are also likely to take the market of electric 

vehicles [1]. 

 

Electrodes that are able to intercalate lithium-ions are at the core for a lithium-ion battery to 

function. [material A] is one of these materials that are possible to utilize as positive electrode 

in a Li-ion battery cell. The strength of this material is the very stable crystal, and hence very 

stable insertion and extraction of Li-ions during the discharge and recharge. This leads to an 

electrode that can go through many cycles of charging and discharging. The oxygen is also 

strongly bonded in this structure, leading to an enhancement in the safety regarding the 

flammability of the battery. The drawbacks of this material are the low conductivity and low 

rate of Li-ion diffusion. The problem of low rate of diffusion can be dealt with by making fine 
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grains of [material A], e.g., by hydrothermal synthesis to obtain a fine powder to shorten 

diffusion path lengths. The fine grains are then usually carbon coated to increase the 

conductivity of the electrode. 

 

[film Y]  is the [material B] sheet with defects consisting of oxygen, hydrogen and carboxyl 

groups. [film Y] can be synthesized by the so called Hummer’s method [2](which appear with 

many variations) and dispersed in an aqueous solution. In theory, one should be able to reduce 

the [FILM Y] to obtain a [material B] sheet containing only carbon. The result of the reduction 

is often referred to as [film X]  or Functionalized [material B] Sheets to distinguish it from 

[material B], due to that it often contains many defects compared to pure [material B] [3–5]. 

 

This work evaluated the coating and electrochemical performance of [film X] coated [material 

A]. The [material A] positive electrode was a thin film electrode prepared by sputtering 

deposition. The thin film electrode was then coated with [film Y] using spin coating, and 

annealed to make the [film X]. Coating was determined to be an inhomogeneous film with 

flakes of [film X] dispersed on the surface. The temperatures of 300°C for annealing [film Y] 

gave a [film X] with a largely reduced amount of oxygen, but an unchanged thickness. 

Electrochemical measurements showed a reduced capacity for the coated electrodes in 

comparison to the pristine electrodes. The percentage of capacity drop was similar to the area 

covered by the [film X] flakes, and attributed to Li-ions unable to diffuse through the flakes. 

Inducing carbon vacancies in the [film X] flakes would allow for Li-ion diffusion, and this could 

be a way to improve on the coated coin cell performance. 



 
 

2. Background 

 

2.1 Lithium-ion battery 

 

In today’s lithium-ion batteries the lithium-ions are intercalated in the crystals of both positive 

and negative electrode. The typical design is shown in Figure 2. 

 

 

Figure 2. Schematics of Li-ion battery design [6]. 

 

In a discharge, the electrons move in an outer circuit while the lithium-ions migrate through 

the electrolyte from the negative to the positive electrode. When charging, the lithium-ions 

are forced back into the negative electrode, and the battery is ready for another discharge. 

The battery’s performance is strongly dependent on the ability of the electrodes to have 

lithium-ions inserted and extracted. 
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To measure the potential of an electrode in a galvanic cell, one needs one of the two 

electrodes to be a reference electrode, otherwise only the potential of the electrode pair can 

be measured. For this reason, the standard hydrogen electrode (SHE) was defined to zero 

potential (0V), which has the reaction, 

222 HeH   . 

 

The lithium redox potential is 3.045V below the SHE zero potential, meaning the reaction 

LieLi  
, 

is at -3.045V. 

 

The redox reaction 

  23 FeeFe , 

is at +0.77V.  

 

In theory, the operating voltage of a battery working with these two redox reactions would 

then be at about 3.8 V, but these values are not absolute and are influenced by e.g., the 

structure of the electrode material, and electrolyte used. 



 
 

2.1.1 [material A] 

 

[material A] was presented as a possible positive electrode material in Li-ion batteries in 1997 

[7]. A capacity at about 100 to 110 mAh/g, and a very good cyclability were reported. The 

drawbacks were slow diffusion rate of Li-ions, and low electronic conductivity. In 2002 a 

method to enhance the low electronic conductivity using doping was shown, giving a capacity 

closer to the theoretical value of 170 mAh/g. Reported capacity was around 150 mAh/g [8]. 

The crystal structure of [material A] is shown in Figure 3*. 

 

 

Figure 3.  Illustration of the unit cell in a [material A] crystal. 

 

The [material A] electrode has Li-ions inserted and extracted in the b-direction, or [010] 

direction. The diffusion path is more clearly shown in Figure 4. 

                                                           
*
 All images on LiFePO4 and FePO4 were prepared by the SSG-group at SEL. 
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Figure 4. Illustration of the Li-ion diffusion path-ways in a [material A] crystal. 

 

Since Li-ions only diffuse in one-dimension, the diffusion rate is slow. The rate can be increased 

by using small sized particles of [material A] crystals to shorten diffusion path, down to 

nanometer scale. The particles are also carbon coated to enhance the electron transportation 

between the particles, and hence in the electrode [9]. This gives a capacity very close to the 

theoretical or sometimes even achieving the theoretical value. 

The fully de-lithiated structure of [material A], [material A'], is presented in Figure 5. 

 

 

Figure 5.Illustration of the [material A'] unit cell.  



 
 

The [material A'] structure keeps the same bondings as for the [material A], with a change in 

the lattice parameters only, which is why it shows a good cyclability. When [material A] is not 

fully de-lithiated, both a [material A] phase and a [material A'] phase exists simultaneously in 

the electrode. 

In this work we have used [material A] thin-film electrodes made by sputtering deposition. 

Previous studies have shown that the electrode characteristics are strongly dependent on 

substrate temperature during sputtering deposition, which governs the crystallinity and the 

particle size. High capacity for slow discharge rates (0.1C*) have been reported when using a 

[material A] target for sputtering deposition, with a rapid drop in capacity for higher rates [10], 

[11]. 

 

The distribution of electronic density of states (DOS) from calculation is shown in Figure 6. 

Details of the calculation are given in Appendix A. 

 

                                                           
*
 C rates are explained in the Methods section. 
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Figure 6. Calculated distribution of electron states in [material A] showing a band gap of 3.7eV. 

 

[material A] has a band gap of 3.7eV [12], which will be of importance for Raman spectroscopy 

measurements. The photon energy used for the Raman measurements was 2.3 eV, which is 

well below the band gap. No electron resonance behavior is then to be expected in [material 

A]. 



 
 

2.1.2 Chemical reaction 

 

The charging and discharging of the battery is accompanied by the release and insertion of Li-

ions, respectively, for the positive electrode. 

 

Charging: (positive electrode reaction)* 

 

44 POFeeLiPOLiFe IIIII    

 

The charging process has Li-ions migrating through the electrolyte to the negative electrode, 

while electrons go through the outer circuit between the two electrodes. The electrode 

potential is due to the reaction of Fe, at a potential of +0.77V (relative to the SHE zero 

potential) as shown in Section 2.1. 

 

Discharging: (positive electrode reaction)* 

 

44 POLiFePOFeeLi IIIII    

 

The discharge has the Li-ions migrating back to the positive electrode through the electrolyte, 

and the electrons flowing back in the outer circuit. The potential of the reaction is in theory 

the same as for the charging. As for negative electrode, Li-metal is used in this work, with the 

potential of the reaction at -3.045V.  

                                                           
*
 The convention is writing LiFe

II
PO4 although the Li is actually Li

+
, so the apparent imbalance of charge in 

the reaction is only due to this convention. 
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2.2 [material B] related systems 

2.2.1 [material B] 

 

[material B] is a two-dimensional plane consisting of only sp2-hybridized binding carbon atoms 

in a honeycomb pattern. Figure 7 shows the unit cell in real space, and the Brillouin zone in 

reciprocal space of [material B]. 

 

 

Figure 7. Structure of [material B] in (a) real space, and (b) reciprocal space [13]. 

 

The electronic band structure of [material B] is presented in Figure 8, showing the linear 

relationship between energy and wave number, k, close to the K-point. 



 
 

 

Figure 8. [material B] electronic band structure along symmetry points given in Figure 7 b). 

 

The K-point in [material B] shows what is called zero band gap, due to that the conduction 

band meet with the valence band in this point. One thing of importance is the possibility of 

electronic transition from the valence band to the conduction near this point. This will be 

further discussed in section 2.3.3, Raman spectroscopy. 
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2.2.2 [film Y]  

 

[film Y] atomic structure has been a subject of debate over a long period of time, and still there 

is no unambiguous model [14]. One of most recent and well-known model is shown in Figure 9. 

 

 

Figure 9. Schematic illustration of [film Y] [3]. 

 

The carbon sheet that is [material B] is functionalized by oxygen and hydrogen, making the 

[film Y]. At the edges of the carbon flake are carboxyl groups, while on top of the carbon sheet 

are O and OH groups. The [film Y] sheets can be dispersed in water for ease of application. The 

[film Y] aqueous solution used had a [FILM Y] concentration of  275mg/L and supposed to 

contain 60-80% of monolayer [film Y], according to the manufacturer Graphene Supermarket 

[15].  

 



 
 

2.2.3 [film X] 

 

To remove oxygen and hydrogen from the [film Y] sheets, annealing can be used. The relation 

of electrical resistance with annealing temperature for [film X] is shown in Figure 10. 

 

 

Figure 10. Decrease in resistance when annealing [FILM Y]. Graph a) show anneal only, while b) is reduction by 

hydrazine and annealing [3]. 

 

The decrease in resistance would be an indication on oxygen leaving the [FILM Y] and carbon 

atom electrons are freed, that can conduct in the [film X]. There is a rapid decrease in 

resistance for annealing temperatures up to 270℃, followed by a slower decrease at higher 

temperatures [3]. 
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Figure 11. Schematic illustration of reducing [FILM Y] to obtain [material B] [3]. 

 

The illustration in Figure 11 shows an idealized reduction of [FILM Y] to [material B]. Instead of 

referring to the final product as [material B], [film X] will be used to make the distinction 

between the product from reducing [FILM Y] and a true [material B] sheet.  



 
 

3. Experimental Methods 

 

3.1 Atomic Force Microscopy (AFM) 

 

AFM gives a topographical image of a surface. The images are obtained by using a sharp tip at 

the end of a cantilever, and then scan the surface to detect forces acting between tip and 

surface. Changes in forces can be detected by the deflection of the cantilever. The setup is 

seen in Figure 12. 

 

 

Figure 12. AFM force-detection system. 

 

The laser light focused on the back of the cantilever is reflected onto a photodetector. The 

photodetector then detect changes in cantilever deflection due to changes in the reflected 

laser light. Intensity of section (A+B) compared to (C+D) gives vertical changes, while (A+C) 

compared to (B+D) gives torsion changes of the cantilever. 
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There are several ways in which the tip can be used when scanning the surface. In this work 

cyclic contact mode was used, sometimes also referred to as intermittent contact mode or 

tapping mode. The setup for this mode is shown in Figure 13. 

 

 

Figure 13. Schematics of cyclic contact mode setup. 

 

In cyclic contact mode, the cantilever is set to oscillate at a set frequency close to its resonance 

frequency by piezo electric devices. The tip is in contact with the sample only at the lowest 

point of its oscillation. The amplitude of the oscillation is used for feedback control, and in 

order to keep constant amplitude the z-piezo is changed [16]. This gives the topography image 

of the sample surface.  

 

At the point of contact between tip and sample, energy is dissipated. The energy dissipation 

gives rise to a phase shift in the oscillation. The phase shift can be used to get a phase image of 

the surface. The contrast in this image then highlights differences in mechanical properties for 

different areas of the surface. 



 
 

3.2 Kelvin probe Force Microscopy (KFM) 

 

The KFM setup is much similar to the one for AFM. The main differences are the use of a 

conducting tip, and the scan mode is non-contact. Non-contact mode also uses an oscillating 

cantilever, but in contrast to cyclic contact mode the tip and surface are not in contact at any 

point in time. Topography image can still be recorded, but simultaneously one can also obtain 

an electrical potential map of the surface. Since the tip is conducting it has a contact potential 

difference (Vcpd) with the sample surface. For measuring, a bias is applied between tip and 

sample, both DC and AC. 

 

.       (3.1) 

 

This gives a frequency shift of the cantilever, with the first harmonic being 

 

.        (3.2) 

 

By scanning the surface while using a lock-in amplifier to record ∆fω the surface contrast is 

dependent on , and an image is formed using the contrast from the contact 

potential. By proper feedback one can keep ∆fω=0 using VDC. The mapping of VDC then gives the 

local potential difference with the tip, independent of measurement parameters [16]. KFM can 

then be a valuable tool to distinguish e.g., different materials on a surface. 
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3.3 Raman spectroscopy 

 

In Raman spectroscopy one measures the number of photons that are inelastically scattered 

by matter when shined upon by monochromatic light. The most common scattering process 

for light-matter experiments are the elastic scattering, when the energy of the outgoing 

photon is the same as for the incoming photon. With Raman spectroscopy these photons are 

filtered and one only looks at the photons with energy different from the initial incoming 

photon. The reason for this energy difference is due to the phonons created or annihilated by 

the photon-matter interaction. If a phonon is created, the outgoing photon will have less 

energy compared to the incoming photon by the amount of the phonon energy. This is 

referred to as Stokes or Raman scattering. If a phonon is annihilated, it is called anti-Stokes 

scattering and the outgoing photon will have higher energy than the incoming by the amount 

of the phonon energy. The spectrum is displayed as intensity vs. phonon energy. Usually the 

wavenumber shift is used instead of phonon energy and it is referred to as Raman shift, 

displayed in units of cm-1*. The Raman shift is unique, and depends on the material, such as 

atomic structure, mass of atoms and strength of bonds.  

 

Laser light energy used in this work was 2.3 eV. Following the band structure of [material B] 

shown in Figure 8, and the DOS of [material A] from Figure 6, two different types of Raman 

scattering will be explained. 

 

                                                           
*
 8cm

-1
≈1meV 



 
 

Virtual state scattering 

 

 

Figure 14. Illustration of virtual state scattering in relation to the band gap in [material A]. 

 

When the incoming photons are not close to the energy regime that electronic transitions can 

occur, Raman scattering mechanism is explained by virtual state scattering. The virtual state is 

not a real state, but only an intermediate state in a multi-step process between eigenstates. 

Virtual state scattering is the process of the oscillating electric field related to the photon just 

shaking the electron into a virtual state, and from there the electron will scatter this energy 

back to another photon and return to an eigenstate. If the scattered energy is equal to the 

incoming the scattering process is elastic. Virtual state scattering occurs for [material A] 

because the band gap is large compared to the incoming photon energy for the laser used in 

this work, see Figure 14. This leads to a light-matter coupling that is very weak, with typically 

only one photon among 1010 being a Raman scattered photon [13]. 
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Resonance Raman scattering 

 

 

Figure 15. Schematics of energy band dispersion near the K-point for [material B], with a resonance Raman 

scattering process. The small vertical arrow is due to the electron-phonon coupling. 

 

Incoming photons with energy of 2.3eV can cause electronic transitions in [material B], and 

also graphite, near the K symmetry point in reciprocal space, see Figure 15 (or Figure 8 for 

complete band structure). When the incoming photon energy matches the energy difference 

of the initial and final state, there is an enhancement of the scattering probability*. This is 

referred to as resonance Raman scattering process, and the scattering probability can be as 

much as three orders of magnitude larger than for the virtual state scattering. The scattering 

process seen in Figure 15 is strictly vertical with no change in k, with a q=0 phonon created (q 

being the wavenumber of the phonon). There can also be higher order scattering events that 

involves an electron-phonon coupling with a change in momentum, creating a q≠0 phonon. 

 

Raman measurements on a perfect [material B] sheet, and a [material B] sheet with defects, 

are shown in Figure 16. 

 

                                                           
*
 The enhancement is seen also if the outgoing photon energy matches the energy difference between 

two states. 



 
 

 

Figure 16. Raman spectrum for the perfect [material B] sheet and damaged [material B] [13]. 

 

The [material B] sheet gives rise to two intense peaks in the Raman spectrum. The G- and G’-

bands can then act as a fingerprint for monolayer [material B]. They can also be used to 

identify the number of layers of [material B]. For monolayer the [band B] is much more intense 

than the [band A], up to four times the intensity. When there are two layers, the intensity of 

the peaks are almost identical, and when the number of layers increase the [band A] grows 

more intense while the [band B] goes down in intensity. This is seen up until about 5 layers. 

After this, the Raman spectrum is almost identical to the spectrum of graphite [17]. In the 

damaged [material B] one see the occurrence of the [band C], a decrease in [band B] intensity, 

and a split of the [band A]. The [band A] peak position now see two peaks stemming from the 

[band A] and the [band D]. The defect induced [band C] appears due to symmetry breaking of 

the perfect honeycomb lattice, which allows for also q≠0 phonons. The [band C] in conjunction 

with the [band A] can be used as a measurement of the amount of defects in the structure. 

The ID/IG ratio is what is normally used, where the higher ratio means a higher amount of 

defects. The intensity of the [band C] has also been studied in regards to the crystallite size in 
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graphite like materials, and the size was found to be inversely proportional to the Raman 

intensity [18]. 

 

The position of the Raman shift for [band A and C] can be easily understood from the phonon 

dispersion of [material B], Figure 17. 

 

 

Figure 17. Phonon dispersion in [material B] [13]. 

 

The [band A] peak stems from a q=0 created phonon. It is related to the stretching of the C-C 

bond that gives rise to two optical branches in the phonon dispersion, the iTO (in-plane 

Transversal Optical branch) and the LO (Longitudinal Optical branch). At the center of the 

Brillouin zone – the Γ-point – these two branches are degenerate with a phonon frequency 

around 1580 cm-1. The main contributor of the two branches to the [band A] peak is the LO 

branch. The [band C] on the other hand comes from the iTO branch near the K-point, with a 

phonon frequency around 1350 cm-1. Unlike the [band A], the [band C] peak position is 

dependent on the laser energy.  

 



 
 

The Raman spectrum of [film Y] has previously been studied in [5], and is shown in Figure 18. 

 

 

Figure 18. Raman spectra showing the differences between graphite, [film Y], and functionalized [material B] sheets. 

 

As seen in Figure 18 the oxygen in [film Y] brings with it a large amount of defects, giving a 

[band C] at almost the same intensity as the [band A]. The FGS seen has been produced by 

thermal exfoliation of graphite oxide [19]. The reduction process of FGS is different from the 

one in this work forming [film X], but both methods are aimed towards the same goal, to 

decrease the oxygen number.  
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3.4 Charge-Discharge 

 

One of the most important aspects for battery performance is the amount of energy that can 

be stored, referred to as capacity. For rechargeable batteries, the loss of capacity with each 

repeated charge-discharge cycle is also important. These properties can be determined by 

performing cyclic charging and discharging of the cell. 

 

There are two voltages of interest, the open circuit voltage (OCV), and the discharge voltage, 

VD. The OCV is defined as the voltage when there is zero current, hence this is a constant value 

for the set cell under investigation. The discharge voltage of a cell is always lower than the OCV, 

and is dependent on the current. The discharge voltage changes because of electrode 

polarization and ohmic voltage drop. The discharge curve can look different for different 

electrodes used in the cell. Some typical discharge curves are seen in Figure 19. 

 

 

Figure 19. Typical discharge curves for different cells [20]. 



 
 

The curves in Figure 19 show how VD decreases with time when there is a current. The shape 

of discharge curve b) is favorable for a battery due to the well-defined operating voltage, i.e., 

the voltage where the main chemical reaction occurs. 

The charge-discharge curves to be presented in this work are not shown as voltage vs. 

time, but rather voltage vs. capacity ( ). The electric charge that has passed through the 

external circuit is given by, 

 

,        (3.3) 

with  being the current, and t the time for full discharge. 

 

The total charge that can pass through the circuit in one discharge is generally given in 

ampere-hours (Ah) or Ah/g, both which are measurements of the capacity. The discharge is 

done to a set voltage Vfin. For measurements reported here, Vfin was set to a voltage where the 

main chemical reaction no longer occurred, and a rapid drop in voltage was seen. 

 

When recharging the cell, the voltage will again increase with time as the amount of charge 

increases. Similar to the set final voltage in a discharge, the final voltage in the charging 

process was set to a voltage where the main chemical reaction had occurred. The mean 

voltage during the discharging process is always lower than during the charging process. The 

cell capacity in the ideal case would be equal for both charge and discharge. But often this is 

not the case, since side reactions are common when charging [20]. 
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3.5 Cyclic Voltammetry 

 

In cyclic voltammetry, one tests the redox properties of the electrode by applying a linearly 

varying potential. One scan goes from the initial potential to a set maximum, and then to a set 

minimum in a fixed scan rate (order can also be reversed). The three parameters are then, 

scan rate, a positive turnaround potential, and a negative turnaround potential. The current is 

recorded with time, but the result is presented in a diagram with current vs. potential. This 

because the potential also varies with time, and the information of current-potential relation is 

often more interesting than the time dependency. 

 

To perform cyclic voltammetry one need a reference electrode, a counter electrode, and the 

electrode to be investigated called working electrode. The potential is applied between the 

reference and the working electrode, and simultaneous measurement of the current is made 

between working and counter electrode. The positive scan brings forward oxidation of the 

working electrode (the [material A] positive electrode used), and hence the Li extraction from 

the electrode. This is similar to the charging of the battery cell. The negative scan sees the 

reduction of the working electrode ([material A]) with Li insertion. Two different types of scans 

are shown in Figure 20. 

 



 
 

 

Figure 20. Typical scans in both directions for a reversible (1) and irreversible reaction (2) [20]. 

 

The scan (1) is a so called reversible reaction, since the difference between the peaks (1) and 

(1’) is small. Irreversible reactions show a large gap between the two peaks, scan (2)-(2’). With 

increasing scan rate the gap also increase for irreversible reactions.  
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Figure 21. Curve shape due to voltage scan (2) and steady state (1) [20]. 

 

Figure 21 gives a comparison between a steady state reaction* and the reaction due to the 

scan rate. For a scan rate not all too slow (i.e., high enough not to attain steady state 

conditions), the reactant surface concentration will be larger than for the steady state. This 

gives that the current will be larger, which is what is seen in section A-B. With time the 

concentration will drop, and the decreased concentration will have a larger impact on the 

current than the increasing driving force from the potential increase, section B-C. There will 

then be a maximum in the current at a certain voltage. The point at which this happens 

depends on the cell [20], [21]. 

                                                           
*
 All state variables are constant under a flow through the system. 



 
 

4. Materials and Methods 

 

4.1 Making of electrodes 

 

The electrodes were prepared by Semiconductor Energy Laboratory Co. Ltd., using sputtering 

deposition (in a Canon ANELVA EB1000). All electrodes had SUS316L (stainless steel) as 

substrate. The sputtering process and conditions are summarized in appendix A. 

 

Schematic illustration of the electrode after sputtering deposition and a photo of the actual 

electrode are shown in Figure 22. 

 

 

Figure 22. a) Schematic illustration of electrode structure, and b) a photo of a typical electrode. 

 

The 100 nm Ta layer on top of the SUS substrate was used to hinder the diffusion of carbon 

from the substrate into the active material ([material A]) during the sputtering and annealing 

process. Diffusion of carbon would have impact on the Raman spectrum, making it harder to 

analyze the spectrum of the [film Y] film that we are interested in. Electrodes for testing were 

delivered in two batches. The same sputtering conditions were used, but different batches 

showed different characteristics, so the electrodes are named type tA and pA. 
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4.2 Coating of electrodes 

 

[film Y] aqueous solution from Graphene Supermarket  [15] was used to coat the electrodes. 

The [film Y] films were made by spin coating (using a Mikasa Spin coater 1H-360S). The 

electrode surface was completely covered by the aqueous solution, let to rest for 30 seconds, 

and then spun at 3000 rpm for 60 seconds, followed by 3500 rpm for another 60 seconds. 

These spin coating conditions were set in order to have a dry electrode without any 

watermarks, which would affect the electrochemical measurements. The electrodes were then 

annealed at 300℃ to make use of the rapid resistance drop seen in Figure 10. The coated 

electrodes of pA-type were annealed in a glass tube oven (Büchi Glass Oven B-585) in vacuum. 

The first ramp was set from room temperature to 300℃, second ramp to stay at 300℃ for 24 

hours, and third cooling to room temperature again. First and third ramp took one hour each. 

Type tA [film Y] coated electrodes were annealed in a heat furnace (Motoyama MS-2698-1) in 

vacuum for 10 hours. The first ramp from room temperature to 300℃ took 1 hour, the third 

ramp down to room temperature again took 6 hours. The electrodes were stored in a plastic 

box both before and after the coating. 



 
 

4.3 Coin cells 

 

Both coated and uncoated electrodes were used to make coin cells for electrochemical 

measurements. The assembly was made in a glove box (Miwa MFG DBO-1,5 KP-B), with the 

prepared electrode used as positive electrode, and Li-metal as negative electrode. The 

electrolyte and separator was LiPF6 (liquid, EC:DEC 1:1) and Polypropelene, respectively. All 

components except the positive electrode are standard components for coin cell testing. The 

coin cells were stored in a plastic box between the coin cell making and the electrochemical 

measurements. Figure 23 show all the components used for the coin cells, in the order in 

which they are used for assembly from bottom to top with exception of the electrolyte which 

positive electrode and separator were dipped in before inserted into the coin cell bottom. 

 

 

Figure 23. Coin cell components. 

1) Coin cell bottom, SUS 

2) Positive electrode, SUS-substrate+100nm Ta with [material A] thin film 

3) Separator, Polypropylene 

4) Gasket 

5) Negative electrode, Li-metal 

6) Spacer, filling film to have good contact 

7) Wave washer, acting as spring for good contact 

8) Coin cell top, SUS 

9) Electrolyte, LiPF６ liquid with EC:DEC in 1:1 relation 
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4.4 Coating analysis 

 

AFM and KFM measurements were carried out using the same equipment (Seiko II SPI3800N 

probe station + SPA500 unit system) with a different cantilever used for KFM measurements, 

along with a bias between tip and sample. The electrode to be imaged was taken from the 

plastic box container and placed directly on suction holes on the sample stage, and was fixed 

by vacuum pumping. The point for imaging could be decided with the aid of an optical 

microscope, before approaching the surface with the cantilever. Measurements were done in 

ambient conditions. 

 

For Raman spectroscopy (Horiba LabRam HR-PL), the electrode was put on a piece of glass and 

placed in a holder with the laser positioned normal to the surface. The collector was also 

placed normal to the surface. The wavelength of the laser light used was 532 nm. As in the 

case for AFM and KFM measurements, an optical microscope was used to select the point to 

be measured. The diameter of the laser point was about 1 μm. The measurements were 

carried out in ambient conditions and inside a black box container to shield it from external 

radiation sources. 

 

Measuring of [material B] flakes on SiO2 

 

[material B] flakes were dispersed on SiO2 substrate (Si 0.7mm, SiO2 90nm) by mechanical 

cleaving - Scotch tape method - where graphite crystals are repeatedly split thinner between 

two pieces of tape before dry deposited onto the substrate. The surface was examined using 

an optical microscope to find flakes. Thin graphite flakes and [material B] can be seen with 

optical microscope when deposited on SiO2. A mark was made close to flakes that showed 

small contrast difference to the substrate by a marking pen. The mark could then be seen in 

the optical microscope attached to the Raman instrument as well as the AFM instrument when 

selecting measurement point. The flakes that displayed a typical [material B] like Raman 

spectrum was then analyzed in AFM. 



 
 

4.5 Electrochemical analysis 

 

After coin cell assembly the cells were placed in the holder for charge and discharge 

measurements (Toyo System TOSCAT-3100). The measurements always started with a charge 

from the OCV to a set maximum voltage, followed by discharge to a set minimum voltage, and 

then repeated. Measurements were performed in ambient conditions. Different rates of 

discharge were used for the testing (charge rate was always set equal to the current discharge 

rate). The rate number 1C, 2C etc. were calculated using the theoretical value of [material A]. 

The rate of 1C is the rate that would discharge the battery in 1 hour, the rate of 0.1C would 

discharge the battery in 10 hours. The table below gives the currents corresponding to the 

different rates. 

 

Table 4.1. Conversion for discharge rate to discharge current. 

Rate Current (mA) 

0.1C 0.0002 

1C 0.002 

2C 0.004 

4C 0.008 

 

The setup for cyclic voltammetry (Hokuto Denko HSV-110) used the [material A] electrode as 

working electrode, Li-metal as counter electrode, and lithium also as reference electrode. 

Potential scan rates ranging from 0.1mV/s up to 10mV/s were used for the tests. For each scan 

rate the cell was brought from OCV to the maximum potential and then down to the minimum 

potential, for 2 cycles. 
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5. Results and Discussion 

 

5.1 Surface analysis 

5.1.1 AFM 

 

A thickness measurement on true [material B] deposited on a SiO2 substrate by the Scotch 

tape method is given in Figure 24, and was found to be at about 0.4 nm. 

 

 

Figure 24. Step height measurements on [material B] on top of SiO2. Integrated profile line is seen as the white 

rectangle. 

 

AFM could not resolve the [film Y] and [film X] flakes on the [material A] electrode in either the 

topography or phase image due to the roughness of that surface. To be able to determine 

flake characteristics, SiO2 covered Si (90nm SiO2, 0.7mm Si) that was used for the [material B] 

measurements was also used as a substrate for the [film Y] and [film X] measurements. 

 



 
 

 

Figure 25. AFM measurements for [film Y] coated SiO2. Zoom in images of the two black square areas are shown in 

Figure 26 and Figure 27. 

 

AFM measurements clearly showed the [film Y] flakes deposited on top of SiO2, Figure 25. 

Flake sizes are mainly on the micrometer scale, with some smaller flakes probably stemming 

from the ultra-sonic bath of the [film Y] aqueous solution before deposition. Surface coverage 

was determined to be approximately 20% using image processing software SPIP*. Many flakes 

were folded several times, which is seen by the contrast differences. 

 

Step height measurements were made on the flakes indicated by the black squares in Figure 

25, and are shown in Figure 26 and Figure 27. 

 

                                                           
*
 The Scanning Probe Image Processor. 
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Figure 26. Step height measurements on [film Y] flakes. Integrated profile line is seen as the white rectangle. 

 

Figure 27. Step height measurements on [film Y] flakes. Integrated profile line is seen as the white rectangle. 

 

A step from the substrate to what appears in the contrast to be a single layer [film Y] flake was 

measured to be 1.4 nm, shown in Figure 26. Figure 27 shows a double step, where the first 

step is measured to 1.4 nm, and the second to 1 nm. Anomalies in thickness measurements 

can occur depending on the substrate and amplitude setting when using tapping mode. This is 

due to differences in the tip-sample interaction for different materials. It is generally accepted 

that folded flakes give the most reliable measurements of flake thickness [22]. While the 

measured step of 1.4 nm is likely due to the difference of materials for the coating and 

substrate, the value of 1 nm is the more accurate value of the real thickness of a [film Y] flake. 

Indeed, the thickness of 1 nm has been presented by other groups as the fully exfoliated [film 



 
 

Y] flake thickness, i.e., no half or third of this value exists. The thickness is well above that of 

[material B] given in Figure 24, but can be attributed to the presence of covalently bonded 

oxygen, and sp3-hybridized carbon atoms slightly above and below the sp2-sheet [4].  

 

Step height was also measured on a [film X] flake of comparable size to the [film Y] flakes 

measured in Figure 26 and Figure 27, and the result is shown in Figure 28. The height 

difference between the substrate and [film X] was found to be about 1.4 nm. 

 

 

Figure 28. Step height measurements on [film X] flakes. Integrated profile line is seen as the white rectangle. 

 

The measured thickness before and after annealing are thus very similar*. The temperature at 

300℃ is then apparently not enough to obtain a carbon only sheet.  

                                                           
*
 Same amplitude setting was used for both [film Y] and [film X] flake measurements. 



43 
 

5.1.2 KFM 

 

Since the [film X] coating on top of the [material A] electrode could not be detected in either 

topography or phase image using AFM, we also used KFM to characterize these samples. 

 

 

Figure 29. KFM measurement for clean pA-electrode. a) show topography, and b)potential image. 

 

KFM measurements on a clean pA-electrode are shown in Figure 29. The topography image 

has a striped structure that stems from the SUS/Ta substrate. The potential image had no 

specific features but a small variation due to the surface roughness. 



 
 

 

Figure 30. KFM measurement for [film X] coated pA-electrode. a) show topography, and b)potential image. 

 

KFM measurements on a [film X] coated pA-electrode is shown in Figure 30. In the topography 

image, Figure 30 a), no [film X] flakes could be detected, and the same striped structure as 

seen for a clean electrode was seen. In the potential image of the coated electron on the other 

hand, Figure 30 b), [film X] flakes were detected. The flake size and shape are consistent with 

the [film X] flakes seen on top of SiO2. Again, the SPIP software was used to calculate surface 

coverage, and was determined to be 25±5%. The coverage was slightly larger on the electrode 

surface compared to the SiO2 surface. This could be due to that the coating technique used 

was spin coating, and the flakes have stronger adhesion to the electrode surface. 
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5.1.3 Raman Spectroscopy 

 

Raman spectrum of a [material B] flake on top of SiO2 applied by the Scotch tape method is 

presented in Figure 31. 

 

 

Figure 31. Raman spectrum of single layer [material B] found on SiO2. 

 

The spectra found on SiO2 completely match the [material B] spectrum found by other groups 

[17]. This flake is what was used for the [material B] height measurements in AFM. 

 

To identify peaks stemming from the electrode and substrate, Raman measurements were 

done on both the SUS/Ta-substrate and the clean tA-electrode, see Figure 32. 

 



 
 

 

Figure 32. SUS/Ta substrate spectrum, black, and [material A] spectrum from clean tA-electrode, grey. 

 

From Figure 32 one can easily identify the peaks that come from the substrate and the ones 

that come from the active material. The large peak at about 950 cm-1 and the two smaller at 

around 1000 cm-1 are PO4 peaks stemming from the [material A] crystal. The [band A and C] 

identifying the presence of carbon are not present in this sample, indicating a carbon free 

surface. 
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Figure 33. Raman spectroscopy measurements for clean and annealed tA-electrode measured at two different spots. 

 

After annealing of the tA-electrode, the intensity of the PO4 peaks remained essentially the 

same, while very small G- and D-band peaks occurred, most probably coming from the 

atmosphere in the heat treatment oven. The carbon peaks have a low intensity and are 

unlikely to disturb the interpretation of the G- and D-band appearing due to the coating. 

 



 
 

 

Figure 34. Raman spectroscopy measurements for [FILM Y]-coated tA-electrode. Important peaks are labeled. 

 

Figure 34 shows Raman spectrum of a [film Y] coated but not annealed tA-electrode, for two 

different sample locations. The now strong intensity of the carbon peaks compared to the 

peaks stemming from [material A] even though the [film Y] flakes are very thin, can be 

explained by the difference in Raman mechanisms discussed in section 3.3. The ID/IG ratios for 

the [film Y] coated tA-electrode are 0.95 for the grey curve, and 0.92 for the black. Other than 

the [band A and C], the G’- and (G+D)- and G’’-band also appear, in that order around the 

Raman shift at 3000cm-1. 
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Figure 35. Raman spectroscopy measurements for [film X]-coated tA-electrode measured at three different spots. 

Important peaks are labeled. 

 

Figure 35 display measurements from three different locations on the tA-electrode that had 

been spin coated with [film Y] and then annealed. The [band A and C] appear at strong 

intensity for two measurement points, and one weak was also found. The black curve weak 

peaks are at such a low intensity that the flake the peaks stem from is likely at the edge of the 

focused laser spot. The ratio of the D to G peak intensity is measured to 0.79 for the dark grey 

peak, and 0.81 for the light grey peak, from Figure 35. The strong intensity of [band C] tells 

that the [film X] coating has many defects compared to both clean [material B] and clean 

graphite. 

 

Table 5.1 summarizes the ID/IG ratios measured from the tA- and pA-electrodes. 

 



 
 

 

Table 5.1. Summary of ID/IG ratios measured for [film Y] and [film X] coated electrodes. 

Peak ID/IG ratio 

[film Y] coated tA point 1 0.95 

[film Y] coated tA point 2 0.92 

[film Y] coated pA point 1 0.93 

[film Y] coated pA point 2 1.00 

[film X] coated tA point 1 0.79 

[film X] coated tA point 2 0.81 

[film X] coated pA point 1 0.79 

[film X] coated pA point 2 0.87 

 

The ID/IG ratios show a slight decrease after annealing. XPS data* for the [film Y] and [film X] 

was supplied by an outside group (from Foundation for Promotion of Material science and 

Technology of Japan), and are important for further analysis. XPS mass weight percent 

measurements showed 35% of oxygen in [FILM Y], and 14% of oxygen in [film X]. It also 

displayed that due to oxygen leaving, the XPS signal for carbon sp2-hybridized bonds increased 

from 0% to 52%. The reduction of oxygen was quite substantial, but the Raman data shows 

that the number of defects was not. So the main contribution must come from other factors 

than oxygen defects. Reduction of [FILM Y] by hydrazine has shown that the [band C] intensity 

can actually increase for the [film X]. The intensity increase was attributed to the size of sp2 

domains decreasing [4], a discussion in close relation to the D-band intensity vs. crystallite size 

in graphite material mentioned in Section 3.3 [18]. The decrease in [band C] intensity seen for 

[film X] in this work, in conjunction with the large healing of sp2 bonds, can then be explained 

by an increase in average size of the sp2 domains in the [film X], which would lessen the 

number of scattering events at domain boundaries. 

                                                           
*
 Details of XPS data are given in Appendix A 



51 
 

5.2 Electrochemical measurements 

5.2.1 Charge-Discharge 

 

 

Figure 36. Clean pA-electrode charge-discharge characteristics at 1C. Cycle number is indicated by the color of the 

lines. Voltage window was 2.0-4.2 V. 

 

The pA-electrode charge-discharge measurements from Figure 36 show an electrode capacity 

well below the theoretical value of [material A]. The first charging cycle go through the active 

material’s working potential approximately at 3.4 V, and also another plateau located at about 

3.9V. The plateau at 3.9 V stems from an unwanted process. The first discharge cycle showed 

the largest capacity among the ten cycles. After the first few cycles, a plateau seems to appear 

at a voltage just below 2.4 V. As for the plateau at 3.9 V, this is unwanted, so all later 

measurements on the other electrodes were carried out in a smaller potential window to 

study the plateaus stemming from the main chemical reaction of [material A]. 

 



 
 

 

Figure 37. Clean tA-electrode charge-discharge characteristics at 0.1C. Cycle number is indicated by the color of the 

lines. Voltage window was 2.8-3.8 V. 

 

The tA-electrode charge-discharge measurements at 0.1C showed in Figure 37 had a discharge 

plateau at around 3.4 V, and a charge plateau at a slightly higher voltage. The first cycle gave a 

long charge plateau, and a discharge plateau reaching almost 100 mAh/g. For each cycle the 

charge plateau shortens, and the discharge plateau increases, reaching some saturation after 

ten cycles. This behavior of the discharge curve was also seen from Padhi et al. when [material 

A] was first presented as electrode material  [7].  

 

Measurements on the clean tA-electrode for higher discharge rates are given in Figure 38. 
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Figure 38. Clean tA-electrode charge-discharge curves given at rates 1C, 2C and 4C. Voltage window was 2.8-3.8 V. 

 

The curves in Figure 38 were recorded as following; ten cycles at 1C, followed by ten cycles at 

2C, and lastly ten cycles at 4C. The curves marked with 1C are the tenth cycle recorded at this 

rate. The curves marked with 2C are the tenth cycle recorded at this rate, but the twentieth in 

total for the cell. The 4C curves are then the thirtieth in total for the cell. The behavior of the 

discharge plateau slowly broadening as seen in Figure 37, were seen for each rate also at the 

higher rates, but the broadening became smaller for every cycle of the cell. When increasing 

the rate, a jump to lower capacity was seen (followed by the small increase when cycled in the 

same rate), which is to be expected. 

 

The [film X] coated tA-electrodes were recorded in the same fashion as the clean ones, and the 

results are displayed in Figure 39. 

 



 
 

 

Figure 39. [film X] coated tA-electrode charge-discharge curves given at rates 1C, 2C and 4C. Voltage window was 

2.8-3.8 V. 

 

The [film X] coated electrodes showed a lower discharge capacity. The results for both clean 

and [film X] coated electrodes are summarized in Table 5.2, which also shows the capacity 

ratio between uncoated and coated electrode for each rate. 

 

Table 5.2. Summary of measured discharge capacities for clean and [film X] coated tA-electrodes at different rates. 

Electrode and rate Discharge capacity* (mAh/g) Capacity ratio† 

Clean,0.1C 112  

Clean, 1C 68  

Clean, 2C 62  

Clean, 4C 56  

[film X] coated, 1C 48 71% 

[film X] coated, 2C 46 74% 

[film X] coated, 4C 42 75% 

                                                           
*
 Capacity is taken at the end of the plateau for the tenth cycle for each rate, and is approximate. 

†
 Capacity ratio ([film X] coated electrode capacity)/(clean electrode capacity) for each rate. 
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The [film X] coated electrode was seen to be at about 25-30% lower capacity for each rate. The 

higher capacity ratio for the higher rate could be due to that saturation of the charge and 

discharge plateaus are not yet complete, but still show a small increase for each cycle within a 

given rate. After 30 cycles the capacity is 25% lower for the [film X] coated electrode. This 

number matches well the amount of surface coverage seen from the KFM measurements of a 

[film X] coated electrode. A probable reason for the capacity drop is that the [film X] coated 

parts of the surface area becomes inactive, i.e., Li-ions cannot diffuse through the [film X] layer 

or layers. 

 It has been shown that by inducing vacancy defects in the [material B] plane using a 

wet chemical method, Li-ions has a means of transport through the layer [23]. The thermal 

annealing used in this work has reduced the amount of oxygen and improved on the electronic 

conductivity (see Figure 10), but the ion transportation through the [film X] flakes still appears 

to be blocked. 



 
 

5.2.2 Cyclic Voltammetry 

 

After charge-discharge measurements, cyclic voltammetry measurements on clean and [film X] 

coated tA-electrodes were made for different scan speeds. Figure 40 shows results for a scan 

speed of 0.1mV/s. 

 

 

Figure 40. Cyclic voltammogram for clean and [film X] coated tA-electrode at scan speed 0.1mV/s. 

 

The peak seen at positive scan is when electrons move from positive electrode to negative, i.e., 

the charging of the battery. The oxidation and reduction peaks are sharp for both scans 

performed. The peaks are at almost the same position, so the separation between the peaks 

are also essentially the same. The maximum current is lower for the [film X] coated electrode. 

The discharge (reduction) peak minimum for the [film X] coated electrode is at 70% of the 

clean electrode current peak minimum. 
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Figure 41. Cyclic voltammogram for clean and [film X] coated tA-electrode at scan speed 5mV/s. 

 

At the higher scan rate of 5 mV/s shown in Figure 41, the peaks are not as sharp as for the 

lower scan rate, and slightly shifted in voltage. The [film X] coated electrode reduction peak 

shows a lower current, and is 75% that of the clean electrode peak. The reduction in discharge 

peak current is then about 30% for the scan rate of 0.1 mV/s, and about 25% for the 5 mV/s 

scan rate. The percentage drop in maximum current is at the same level as the capacity 

decrease seen in the charge-discharge results. Again, this is likely to be caused by the [film X] 

layers being impenetrable for the Li-ions.  

The separation between the peaks is slightly wider for the [film X] coated electrode, 

indicating that the Li-ion redox reactions are slower. While the blocking of Li-ion diffusion by 

the [film X] flakes can account for the drop in current withdrawn and capacity, the occurrence 

of the slower reaction rate has a different origin that needs further investigations to be 

determined. 



 
 

Conclusion 

 

Thin film [material A] electrodes were coated with [film Y] using spin coating and reduced at a 

temperature of 300°C in order to make the coating into [film X]. The coating was found to be 

an inhomogeneous film, with [film X] flakes dispersed on the electrode surface with 25±5% 

area coverage. The weight percentage of oxygen was reduced from 35% to 14% during 

annealing. The temperature of 300°C was then not enough to obtain a carbon only sheet. The 

loss of oxygen led to healing of carbon bonds and an increase in the average size of carbon sp2 

domains. 

 

Coin cells were made using the thin film [material A], both coated and uncoated for 

comparison. Charge-discharge measurements showed that the [film X] coated electrode had a 

capacity at about 70-75% that of the uncoated electrode. Cyclic voltammetry measurements 

showed that the discharge maximum current for the [film X] coated electrode was at 70-75% 

that of the uncoated electrode. The loss in capacity and maximum currents are very close to 

the total area covered by the [film X] flakes. This indicates that the [film X] covered parts of the 

electrode hinder Li-ion diffusion and hence passivates the coated areas. With the method of 

thermal reduction of [FILM Y] used in this work, the oxygen level was greatly reduced and 

many defects still exists in the [film X]. The lesser amount of oxygen improves the electron 

conductivity in the layers and is important for electron transport in between the particles of 

[material A]. The [film X] however needs additional treatments to improve on Li-ion diffusion 

to improve on the battery performance. Defects such as vacancies in the [film X] flake would 

enable a means for Li-ion transport through the layers, and wet chemical methods or 

sputtering techniques could be possible routes to achieve this. 
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Appendix A 

 

A.1 Density of states calculation of [material A]  

 

DOS calculation seen in Figure 6 was performed using the density functional theory program 

CASTEP [24]. The exchange-correlation energy was treated by generalized gradient 

approximation GGA+U. For Fe 3d-orbitals, U=3.71 eV was used [12]. An energy cut-off of 380 

eV and k-point mesh 4*5*2 was chosen. 

 

A.2 XPS data 

 

Table A.1 gives the mass weight percent for the three dominant elements in the [film Y] and 

[film X]. 

Table A.1. Mass weight percent for main elements in [film Y] and [film X]. 

 Carbon Oxygen Sulfur 

[film Y] 62.8 35.7 1.3 

[film X] 83.4 14.3 0.2 

 

Table A.2 presents the percentage distribution of bonds from the C1s XPS spectra in [film Y] 

and [film X] respectively. 

Table A.2. C1s XPS spectra data for [FILM Y] and [film X]. 

 C=C(sp2) C-C,C-H C-O C=O O=C-0 

[film Y] 0 43.5 39.9 9.4 7.2 

[film X] 54.2 28.6 10.1 4.4 2.7 
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A.3 Sputtering deposition 

 

Table A.3. Sputtering conditions. 

Material to be deposited Ta [material A] 

Target material Ta(99.99%) [material A](no C, particle size 

100-150nm) 

Pressure 0.3Pa 1.0 Pa 

Substrate temperature 25℃ 550℃ 

Sputtering power 100W 50 W 

Atmosphere Purified Ar gas Purified Ar gas 

Gas flow 7.5 SCCM 30 SCCM 

Target-substrate distance 75mm 75mm 

Film formation speed 4.4nm/min 1.9nm/min 

 

Sputtering process steps were the following: 

Ta deposition    in atmosphere for changing holder    [material A] deposition. 

Different holders were used for the Ta and [material A] deposition. The SUS substrate was 

fixed on a Si substrate by Capton tape and Ta deposition could cover the entire SUS surface. 

Water was used as heat sink to the Si substrate for the temperature not to increase during 

deposition. During [material A] deposition the holder of the substrate covered the edges, so 

the sputtered material could not cover all of the substrate (with Ta already deposited on top). 

The different holder was needed for heating the SUS substrate. 

 


