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ABSTRACT 

 

Diamond-like carbon (DLC) films are used as protective coating on magnetic heads. 

Increasing storage capacity requires DLC films to be thinner and thus, its conformity and 

integrity is of interest in many studies and non-destructive tools and techniques are 

preferred for characterization. This study presented how conductive atomic force 

microscope (CAFM) characterizes the electrical property at the surface of the magnetic 

head with DLC coating. The DLC was deposited using filtered-cathodic arc (FCA) 

deposition technique that provides strong and uniform thin films. The characterization 

results showed DLC film with thickness of 20Å has the highest conductivity as it has the 

highest current rms signals at common sample bias voltage. As the film gets thicker, the 

current rms decrease exponentially which is due to the increasing sp3 content of DLC as 

the film becomes thicker. Meanwhile, DLC that is thinner than 20A also shows decreasing 

current rms indicating the presence of resistive material under or on the carbon surface. 

Transmission electron microscopy with electron energy loss spectroscopy (TEM-EELS) 

confirmed the presence of oxidized seed material on top of the carbon surface on ultra-thin 

films. Current signals on thin DLC, which were subjected to tribological wear, was also 

discussed. The current measurements implies that the resistivity of the film change as it 

goes thinner, however thinning of DLC have limitation as it may not provide the needed 

uniformity and integrity to the magnetic heads.  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

 

Hard Disk Drive (HDD) capacity requirement is increasing as bulk sizes of media and files 

need to be stored every second. The quantity of data that can be stored on a given space on 

the media of the HDD is generally known as the areal density. The current unit of 

measurement for areal density gigabits per square inch (Gb/in2) and is calculated from the 

bits per inch (bpi) of a track multiplied by the number of tracks per inch (tpi) on the media, 

as shown in Fig. 1 [2, 10, 13].  

 

 
Fig. 1 Areal density of magnetic storage  

 

Forecasts of areal density shows that the HDD areal density compound annual growth rate 

(CAGR) from 2011 to 2016 is expected to be at 19% in Fig 2 (a) up to 25% in Fig 2 (b) [2, 

11, 12, 13].  Currently, areal density is from 920 to 1000 Gb/in2 and is projected to climb 

to a maximum of 1,800 Gb/in2 by 2016. 

 

 
Fig. 2 (a) Maximal HDD areal density forecast from IHS iSuppli Storage Space Market 

Brief report and edited by StorageNewsletter.com [13] (b) HDD and flash memory areal 

density evolution from Grochowski’s presentation at Flash Memory Summit 2012 [11, 12] 

 

Increasing the areal density means either the number of track should be increased [14] or 

the bit size should be decreased [2].  The number of tracks can be increased by using the 

latest technology called shingled magnetic recording (SMR) [14] while the bit size can be 

(a) (b) 
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decreased by decreasing the writer width of the magnetic head or decreasing the magnetic 

spacing between the magnetic head and the magnetic disk [2, 14].  

 

As shown in Fig. 3, the magnetic spacing is the vertical distance between the magnetic 

head (also know as read/write head) and the top magnetic layer of the media or disk. An 

effective separation includes flying height, pole-tip separation, head’s protective coating, 

and disk’s lubricant layer [1, 2].  As the magnetic spacing is reduced, the carbon film that 

protects the head needs to be thinner and durable enough to prevent wear of disk surfaces 

and protect magnetic layer from corrosion [1, 2, 6]. 

 

 
Fig. 3: Cross-section of head/disk interface.[1] 

 

The physical properties of carbon films are highly dependent on the ratio of sp2 (graphite-

like) and sp3 (diamond like) content. The ternary phase diagram in Fig. 4 shows the 

composition of different nitrogen-free carbon films with respect to their sp2, sp3, and 

hydrogen contents [2, 10].  

 

 
Fig. 4 Ternary phase of different carbon films relative to sp2, sp3, and H content [2, 10] 

 

The carbon films that protects magnetic head are commonly known as diamond-like 

carbon (DLC). DLC refers to amorphous and metastable carbon material  that contains 
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significant fraction of sp3 bonds with physical and mechanical properties close at some 

extent to diamond. DLC comes as hydrogenated amorphous carbon (a-C:H) or  amorphous 

Carbon (a-C) with high fractions of sp3 hybridized carbon [1-3]. Amorphous hydrogenated 

carbon (a-C:H) has lower friction coefficient but its hardness is relatively lower than 

amorphous carbon. The elastic constants are mainly controlled by sp3 alone while the 

optical and electrical properties are influenced by sp2 clustering, sp2 phase orientation and 

cross-sectional nano-structure. A change in one of the factors will make the film behave 

differently [2, 10].  

 

 
Fig. 5 (a) Amorphisation trajectory of sp2 phase clustering from ordered graphite stage to 

ta-C stage (b) Schematic diagram of the alteration of sp2 cluster size (La) and sp3 content 

on each stage  [2, 10] 

 

The amorphisation trajectory shown in Fig. 5 (a) and (b) represents the changes in the sp2 

phase clustering [2, 10] as graphite state transformed to sp3 bonded tetrahedral amorphous 

carbon (ta-C). From graphite state to non-crystalline graphite (NC-Graphite), the sp2 

groups becomes smaller, the size of sp2 cluster size decrease and still without sp3. Moving 

from NC-Graphite to amorphous carbon (a-C), the sp2 groups becomes topologically 

disordered, sp2 cluster size continue to decrease significantly and small sp3 content can 

already be seen. At final stage, the sp2 in ta-C is in chain configuration. 

 

 

1.2 Statement of the Problem 

 

DLC films are used as protection from corrosion of the magnetic head and magnetic 

media, thus it should be primarily continuous or pin-hole free. It must also have excellent 

mechanical properties such as high degree of hardness, low friction coefficient,, corrosion-

resistance, and wear-resistance. Thin DLC films must sustain internal stresses and resist 

delaminations. It must also be atomically smooth, dense, and chemically inert [1-3, 6, 7, 9].  

 

Table 1 shows some of the known techniques use to characterize or analyze the content of 

carbon and summary of their advantages and disadvantages as discussed in detail by 

Robertson [8]. 

 

(a) 

(b) 
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Table 1. List of techniques to characterize carbon [8] 

 
 

Mechanical properties of DLC arise from the carbon bonds hybridization. As DLC is used 

to protect the structure surface from damage, and should be normally thin, it must resist 

delamination and sustain stress. Most of the studies are using the density, sp3 composition 

and other structural parameters to characterize mechanical properties [7]. One of the 

common techniques used to measure the elastic constant of the film is nano-indentation 

however, it requires the tip to contact hardly against the film thus, damaging the sample [1, 

2,7,10]. Ferrari [2, 10] presented a non-destructive method to determine the elastic contact 

of thin films by measuring surface acoustic waves (SAW) using laser spectroscopic 

method [2, 10]. Table 2 shows the relationship between the bonds and hardness of different 

films. It can be seen that the higher sp3 content, the stronger is the material [7].  

 

Table 2. Mechanical properties versus bonding properties of various carbon films [7] 

 
 

The minimum thickness of the carbon film that can be continuous and pinhole-free was 

determined by studying its roughness growth using atomic force microscope (AFM) [2, 

10]. This method of studying the surface property is run in parallel with chemical, 

mechanical and spectroscopic methods. Using the fractal scaling laws, Ferrari [2, 10] have 

shown that 1nm film will not have any pinholes as long as the roughness is always much 

lower than the film thickness. 

 

The electrical properties of thin films are normally assumed from the band structure model 

containing of  only a mobility gap that has semiconductor behavior and carriers reside in 

localized gap states. To change the resistivity of the films, doping is commonly done [4].  
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DLC have defects such as termination of networks, disorder in bond angle, and impurities, 

which may influence its properties thus direct characterization is more reliable. As it goes 

thinner, the tools and techniques to characterize DLC films are preferred to be non-

destructive. 

 

 

1.3 Objective 

 

This study presents a non-destructive technique that characterize the electrical property of 

DLC used on perpendicular magneto-resistive (PMR) heads as a function of its thickness. 

 

AFM is a non-destructive tool that is normally used to study the roughness and thickness 

of films through step height analysis [1, 2, 9, 10]. One of its modes, conductive AFM (C-

AFM), can measure the current directly at the surface of the material at a given sample 

bias. The DLC films with varying thickness are prepared using the same deposition 

technique to control the variables that may cause change in film structure. The details of 

sample preparation and introduction of the technique is discussed in chapter 3. 

 

In parallel, transmission electron microscope (TEM) micrographs, EELS and scanning 

electron microscope (SEM) is used to correlate the thickness, sp3 content, and wear map 

observed. Results are discussed in chapter 4. 

 

 

1.4 Scope 

 

Current data and map reading from the C-AFM is used to directly calculate the resistivity 

of the DLC on magnetic head surface. The relation between the electrical values acquired 

and the DLC structure are investigated. 

 

Though TEM, EELS, and SEM techniques was used in this study, the image acquisition 

details will not be discussed.  
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 DLC deposition technique and integrity 

 

A. Herrera-Gomez et.al [6] studied the integrity and conformity of ultrathin DLC film 

ranging from 1 to 2 nm thickness that were used in magnetic head. As shown in Fig. 6 [6], 

corrosion spots were observed on a magnetic head after a 30-h HCl vapour test with pH=1. 

This corrosion was related to the density of the pinholes or the uniformity of coverage of 

the ultrathin films [6].  

 
Fig. 6: A magnetic head covered with a DLC-E ultrathin film[6] 

 

 

Filtered cathodic arc (FCA) deposition technique is known to produce the strongest thin 

film (1 to 2 nm) grown on Ge substrate compared to ion beam deposition technique with 

ethylene (DLC-E) or methane gas (DLC-M) [6]. In table 3, A. Herrera-Gomez et.al [6] 

summarized the properties and test results of DLC produced between different techniques. 

FCA-C film at bulk form was the hardest and has the highest density. It also has the least 

percentage of samples with corroded area and least percentage of samples with pinhole 

indicating better uniformity. 

 

 

Table 3 Material property and test results of different DLC films. [6] 

 
 

Using the angle resolved X-ray photoelectron spectroscopy (ARXPS), the oxidation of the 

silicon due to the presence of pinholes or absence of the carbon film was used to quantify 

the percentage of uncovered area. The last row in Table 3 shows the fraction of the area of 

the oxidized Si substrate [6]. Using different chemical and spectroscopic techniques to 

characterize the different properties of the films grown in different substrates, the results 

shows DLC-M is the weakest while FCA-C with its properties is the strongest. 
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2.2 DLC sp3 content characteristics 

  

Ferrari [2, 10] had shown the relation of C-C sp3 content to its mechanical properties such 

as its hardness (Young’s modulus) and density. Increase in sp3 corresponds to a linear 

increase to density as 

𝜌 (
𝑔

𝑐𝑚3
) = 1.92 + 1.37𝐹 

 

where F is the sp3 content between 0 and 1. The Young’s modulus E relates with the sp3 

content as  

𝐸 (𝐺𝑃𝑎) =  478.5 (𝐹 + 0.4)1.5 

 

Thus, the density relates to Young’s modulus as  

𝜌 (
𝑔

𝑐𝑚3) = 1.37 +
[𝐸(𝐺𝑃𝑎)]

2
3

44.65
 

 

Fig. 7 (a) plots the density as a function of sp3 content of ta-C, ta-C:H and a-C:H films 

while Fig. 7 (b) plots the correlation result using Eq. (3).  

 

 

 
Fig. 7 (a) Density as a function of sp3 content for N-free carbon films that shows ta-C and 

ta-C:H has similar trend but a-C:H as opposite trend because of increasing H content (b) 

Density as a function of Young’s modulus for ta-C films, all after Ferrari [2, 10]. 

 

(a) 

(b) 

(1) 

 

(2) 

 

(3) 
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Based from laser-induced surface acoustic waves (SAW) techniques (LAW), Ferrari [2, 

10] was able to plot the Young’s modulus relation to varying film thickness deposited by 

high current arc (HCA) as shown in Fig. 8. 

 

 
 

Fig. 8 Young’s modulus of ta-C films deposited by HCA as a function of thickness, after 

Ferrari [2,10]  

 

Relating Figs. 7 and 8, as the thickness decrease to below 8nm (80 Å), the Young’s 

modulus, density, and sp3 content all decrease. For ultra-thin films, mechanical properties 

are softer compared to bulk or thick films but the sp3 content and density are almost similar 

but still smaller than thick films [2, 10]. The latter can be understood by considering the 

structure of ta-C film cross-section that Robertson [8] had also discussed. It was observed 

that ta-C is consists of layered structure, the surface layer, bulk layer (middle layer), and 

the interfacial (mixing) layer as shown in Fig. 9. The layering was also observed in TEM 

cross-sections shown in Fig. 10 [8]. The surface layer is more sp2 like. The interface layer 

is from the ion mixing of C and Si. The surface and interface layer thickness does not 

change with the thickness variation, as the deposition conditions are kept constant. When 

the films are thinner, the middle layer decreases but the surface and interface layers should 

not change much. Also, both the surface and interface layer are soft materials, thus, when 

the bulk layer becomes smaller, Young’s modulus is expected to strongly reduce as shown 

in Fig. 8.   

 
Fig. 9 Carbon content and sp3 content across a ta-C film cross-section, showing rich sp2 

surface layer [8] 
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Fig. 10. TEM micrographs on the cross-section of ta-C deposited by FCA with visible 

layering [8] 

 

 

2.3 DLC Conductivity 

 

DLC films have a wide range of electrical properties, varying from semi metal to insulator, 

but do not behave as a typical semiconductor according to A. Grill  [3]. The electrical 

properties had been modeled from a structure of bands that has semiconductor properties 

but with a high density localized gap states. The gap states lower the carrier mobility thus, 



 

10 

 

degrading the semiconductor behavior of the material. The electrical resistivity of the film 

depends on the deposition method used and the materials such as metals, hydrogen or 

nitrogen integrated in the films, and values may vary from 102 to 1016 Ω cm.  

 

The electronic transport mechanism that takes place when ta-C is dope with Nitrogen was 

investigated by annealing of the films. When the conduction along the variable range of sp2 

chains where thermally activated, the chain ripens and a heterogeneous conduction 

pathway was formed, reducing the activation energy and increasing the electrical 

conductivity. The effect of changes in sp2 concentration is an exponential change in 

conductivity [3].  

 

N. Gopinathan et al. [4] have reported that resistivity deposited on Si substrate, measured 

by CV-Map 92A system and using 0.35V bias, increases from 6.4 x 108 Ω cm for a 3-nm 

(30 Å) film to 6.9 x 1011 Ω cm for 15-nm (150 Å) film with the inclusion of the adhesion 

layer resistivity at known thickness. Fig. 11 shows an exponential increase in resistivity of 

the films as the thickness increases. Calculation of the resistivity values are not explained 

in details. 

 

 
Fig. 11.  DLC resistivity deposited on Si substrate measured by CV-Map 92A as a function 

of thickness [4] 

 

2.4 Conductive Atomic Force Microscope  

 

Polspoel [17] provided a good background of conductive AFM (C-AFM) fundamentals for 

the understanding of how it can be used in the characterization of the local morphologic 

and electric properties of dielectrics. C-AFM is one of the techniques based on scanning 

probe microscopy (SPM). This technique has high spatial resolution, in nanometer order 

thus allowing the measurement of local leakage current in thin dielectrics. The diagram of 

conventional AFM is shown in Fig. 12. 
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Fig. 12. Conventional AFM diagram [17] where the tip is connected to the cantilever and 

the laser beam is on the topside of the cantilever and reflects back to the photo detector. 

When the tip scans the surface, the cantilever will bend causing the laser beam to deflect 

and the laser spot to move up and down on the photo detector. The movement in the photo 

detector is translated to voltage signal to measure the movement [17]  

 

Like in conventional AFM, C-AFM brings the tip on top of the surface of a conductive 

substrate, in contact mode. The tip should be conductive to be able to measure the current 

flowing from the substrate to the tip or vice versa while a voltage is applied in either of the 

two. There are many kinds of tip material available for electrical measurement depending 

on the substrate to be measured [17]. In this study, conductive diamond-coated tips (CDT) 

will be used since DLC surface with high mechanical properties will be measured. 

However, CDT tip curvature is more than 50nm thus, nanometer size of non-uniformities 

may not be captured. 

 

C-AFM has 2 modes namely spectroscopic mode, and imaging mode. With the 

spectroscopic mode, the tip is set at specified point, and the current is measured while the 

voltage is either ramped from a set of start and end voltage (I-V curve), or, the voltage is 

kept constant (I – t curve) [17], shown in Fig. 13 (a).  The other mode is the imaging mode 

in which the (tunneling) current and surface topography is measured simultaneously when 

the tip scans the surface at constant force with applied constant voltage. Imaging mode will 

allow the localization of morphological features that has high leakage as shown in Fig.  13 

(b). 
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Fig. 13. (a) Acquired I-V curve measured by C-AFM in spectroscopic mode where Idisp is 

the displacement current due to the capacitive effect of the tip-oxide-semiconductor stack 

and IFN is the tunneling current) (b) Acquired topography and current map using C-AFM 

imaging mode, showing higher leakage current on thinned areas [17] 

 

Polspoel [17] also pointed out the contact area in the actual current map is dependent on 

the number of pixels in the map and the contact area of the tip, and is not dependent on the 

length and width of the map. However, large differences in contact area values are still 

observed due to the wearing off of the tip during measurement, as-fabricated tip radii, and 

the variation of tip coating materials. Thus, when comparing current densities, it is useful 

to make a histogram of the current values in the current map that also allows quantitative 

comparison of current maps. 

 

C-AFM measures the current from the sample beneath the tip after applying a voltage 

between the substrate and the tip. Thus, the substrate and the tip must be electrically 

conductive. Polspoel [17] assumed the interaction between the substrate and the tip as a 

local, nanometer scale, MIS (or MIM) capacitor model where C-AFM tips are metal (M), 

with presence of an insulation layer (I) between the substrate and the tip, and the substrate 

can be a semiconductor (S) or a metal (M) as shown in Fig. 14. Whenever the backside of 

the metal and semiconductor are shorted, the energy bands are flat, VFB = 0. If the gate 

voltage (VG) is positive, the electrons accumulate at the interface of semiconductor-

insulator making it conductive. If VG is less than 0, non-conducting depletion region is 

created at the semiconductor surface due to the repelled electrons. And, if VG is more 

negative, minority carriers will form an inversion layer that makes the semiconductor 

conductive at this region. 

(a) 

(b) 
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Fig. 14. MIS stack energy band diagram at (a) flatband condition, (b) VG > 0, conducting 

region due to electrons accumulation (c) VG < 0, creation of non-conducting depletion 

region (d) VG << 0, conducting region due to inversion layer, all with the assumption of no 

work function and no charge present in the oxide [17] 

 

Application of a positive voltage on the substrate and negative on the AFM tip leads to the 

normal oxidation of the Si/SiO2 interface leading to creation of hillocks. To avoid 

oxidation and tip damage, the tip should be grounded and the substrate should be biased 

with negative voltage. However, abnormal hillocks were also observed on the oxides 

surface after this procedure as shown in Fig. 15 [5]. W. Hourani et al [5] used different 

modes of AFM to study the hillocks on 2 nm thick thermal SiO2 grown at 1000 °C on a n-

type Si substrate using tunneling AFM with current sensitivity ranging from 100 fA to 120 

pA and a conductive PtIr5-coated silicon tip. It was observed that the hillocks are formed 

by the combination of the oxidation and the electrostatic force between the tip and the 

trapped charges inside the oxide. Different substrates have different equivalent circuit so 

the effect of the bias may vary. Thus, in this study, sample bias applied to the magnetic 

head was optimized to avoid creation of abnormal topography. 
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Fig. 15. Topography image (1x1µm) of the SiO2 surface after the electrical stress (left) and 

the profile of the hillock (right) created at the middle of the topography image [5] 

 

 

2.5 Summary 

 

DLC deposited by FCA can be as thin as 1nm (10 Å), with high density and hardness and 

very minimal pinholes. 

 

The sp3 content of the DLC along its crosssection varies between its surface, mid, and 

interface layer. Both the surface and interface layer have less sp3 content, more sp2, which 

are graphite-like in properties. When the DLC gets thinner, it is the bulk layer thickness 

that is reduced while the surface and interface layer does not change much. Thus, thin DLC 

is expected to be more conductive due to smaller resistive material (mid layer of DLC) 

between two conductive regions, and thick DLC will be more resistive.  

 

Since DLC has an electrical property that varies from semi-metal to insulator, C-AFM can 

possibly measure the current that flows between the conductive tip and the DLC when a 

voltage is applied.  The sample bias should be optimized to avoid hillocks or damage at the 

surface of the sample. 
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CHAPTER 3 

METHODOLOGY 

 

3.1 Sample Preparation 

 

Magnetic heads (also known as slider), shown in Fig. 16, are the smallest factor of a wafer 

consisting of nanometer scale read and write devices made from different materials, the 

separation of the two main device is stack of big layers of Nickel and Iron (NiFe) alloys 

with varying compositions, and Alumina (Al2O3), all deposited sequentially on Alumina 

Titanium Carbide (Al2O3-TiC) substrate. As shown in Fig. 17, the wafer is divided into bar 

level form consist of a row of magnetic heads. The bars undergo series of lapping process 

to attain surface finish and topography target. Carbon coating is deposited on the air-

bearing surface (ABS) of the head using FCA technique. The ABS formation is formed in 

multi-steps of etching process. Once the ABS patterns are completed, the bars are cut into 

slider. 

 

 
Fig. 16. Magnetic head (slider) stack diagram 

 

 
Fig. 17. Magnetic head process block diagram  

 

In this study, to reduce the variables, all the samples used for each characterization came 

from a single wafer and processed at the same batch, from wafer divide to lapping. The 

DLC coating process follows three steps inside the FCA chamber: etching to remove the 

oxides and to adjust the topography to target, seed layer deposition for the adhesion of 

carbon to the substrate, and carbon coating deposition.  

 

To confirm the electrical property of each layer underneath DLC, 10 bars are prepared 

from 1 batch after lapping, and are divided into 5 groups. First group is after lapping while 

each of the other 4 groups is processed under different FCA recipes with different 

combination of steps as shown in Fig. 18. Each steps used the same conditions and 

chemical for each group. The seed layer material is silicon doped with nitrogen (SiN) 

deposited at 6.5Å thickness while the DLC is at 12.5Å (total thickness target is 19Å). The 

result of this set of samples are discussed in chapter 4, section 4.1. 

Wafer
Wafer divide 
and slice into 

Bar form

Bar level 
lapping

DLC coating
ABS 

formation

Head part 
into Slider 

form
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Fig. 18. Process flow for each group of samples processed for the confirmation of the 

electrical property of each layer underneath DLC 

 

Another set of samples was prepared to study the electrical property of DLC as a function 

of increasing DLC thickness. All the bars were from 1 wafer, processed in the same 

lapping batch, and processed in same FCA tool with same etching time, and same seed 

layer target but different carbon thickness target. The list of target thickness for this 

experiment set is shown in table 4. Total target thickness is consists of the seed (SiN) layer 

and the carbon layer thickness. For the 10Å group, carbon thickness is almost equivalent to 

1 C-C bond atom thus, its uniformity is already questionable. TEM was used to verify the 

actual thickness of the DLC on limited samples. Measurement results showed some offset 

between the actual and target thickness which is possibly due to the process variation of 

the FCA tool and the metrology variation as well. Details of this observed offset will not 

be discussed in this study. Since not all thickness are confirmed with TEM and the TEM 

data does not vary far from each target, the target thickness values will be used as the 

identification of the samples throughout this study, unless stated. Results of this evaluation 

is discussed in chapter 4, section 4.2. 

 

Table 4. List of thickness target with TEM thickness measurements  

  

Total Thickness 

Target (Å)

SiN Thickness 

(Å)

Carbon 

Thickness (Å)

Total Thickness 

(Å)

Delta to Target 

(Å)

1 10Å 10 8.5 1.5 12.59 2.59

2 15Å 15 8.5 6.5 20.38 5.38

3 20Å 20 8.5 11.5 26.62 6.62

4 25Å 25 8.5 16.5

5 30Å 30 8.5 21.5

6 35Å 35 8.5 26.5 42.00 7.00

7 40Å 40 8.5 31.5

8 45Å 45 8.5 36.5

9 50Å 50 8.5 41.5 60.63 10.63

10 60Å 60 8.5 51.5

Batch Group

Thickness Target TEM
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Each group in table 4 has total of 4 bars, 2 bars were pulled-out for bar level 

characterization and the other 2 bars were processed continuously until head gimbal 

assembly (HGA) process. In HGA, the sliders are attached to the gimbals as shown in Fig. 

1. The HGA’s were sent to a test where the surface of the slider will touch the media at 

given applied power signal. Once the slider, with DLC as the surface layer, touched the 

media, some layers of the DLC are expected to be removed. This further testing was done 

to compare the electrical property of thin DLC without wear and thin DLC due to wear. 

The results are discussed in chapter 4, section 4.3 

 

3.2 C-AFM preparation 

 

The C-AFM tool that will be used for this study is the Park System’s XE-100 research 

AFM with the C-AFM module, as shown in Fig. 19. The tool alone is used for normal 

topography imaging. To be able to measure current signals, additional components are 

attached to the system such as the current amplifier, head module, connectors, and 

conductive tip with small wire connection. Other components such as the frame module 

and the controller (an external box attached to the computer) are ready-to-use for this 

application. 

 

 
Fig. 19. Park Systems’ XE-100 Industrial AFM with C-AFM module 

 

C-AFM function such as while the probe is in contact with the sample for topography 

imaging, electrical data are acquired simultaneously. Fig. 20 shows the schematic diagram 

of the signal path in the system. The current signals are sent to the head module thru the 

metallic wire attached to the tip. The signals are converted to voltage by the amplifier, 

which is a linear current-to-voltage amplifier. The amplifier sends the voltage signal to the 

frame module, then, the frame module will send both topography and current signal to the 

controller.  The controller converts the signal back to current and displayed together with 

the topography signal in the user interface, making it possible to have a direct correlation 

of a feature location with its electrical properties.  
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Fig. 20: Schematic diagram of a type of Conductive AFM.  

 

Polspoel [17] noted that the wire connection from the tip to the amplifier acts as an 

antenna, thus it should not be too long to avoid the background noise current e.g. around 

50Hz electromagnetic field from the tools or machines that are connected to the same 

electricity network. It can be noticed that the wire connection in Fig. 19 is too long, 

however, only 2 AFM’s and 1 nitrogen cabinet are connected in its electrical network thus, 

the noise was still minimal and controllable.  

 

The variable gain enhanced current amplifier (VECA) used in this study has a variable gain 

of ranging from 103 to 109 V/A, and measurement range of 10pA to 10 nA depending on 

the selected gain as shown in Fig. 21 and Table 5 from Park Systems C-AFM handout [18]. 

The measuring current range is defined by the maximum input current and offset 

compensation in Table 5. Since the sample that will be measured is less conductive than 

metal, the recommended setting to be used for the gain is 109 V/A that has an input current 

range of 10pA to 10nA and minimal noise current of 4.3 fA. For this system, the bias 

(positive or negative) is applied at the sample, and the tip collects the signal from the 

sample. 

 

 
Fig. 21 Variable enhanced current amplifier (VECA) for C-AFM application [18] 
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Table 5. Gain setting specifications of the VECA [18] 

 
 

An electrically conductive diamond-coated tip (CDT) named CDT-Contr shown in Fig. 22 

and table 6 was selected since DLC has hard mechanical property and low conductivity. 

Other tips that can be used for each kind of sample are listed in Table 7. 

 

 
Fig. 22. CDT tip (a) front and (b) back side, and (c) SEM image of the tip [18] 

 

Table 6. CDT tip (CDT Contr) specification [18] 

 
 

Table 7. List of Park systems C-AFM tips for each type of sample [18] 
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3.3 Measurement Procedure 

 

To prepare the sample for C-AFM measurement, a conductive silver tape was fixed on top 

of the metal sample stub to hold the bars in place and flat for uniform bias distribution, 

shown in Fig. 23. With the ABS side of the bars facing up, the backside was put on top of 

the adhesive. The stub is attached to the sample holder with small magnetic force to hold 

the stub firmly, while the x and y scanner is moving. 

 

 
Fig. 23. Sample preparation for C-AFM 

 

Fig. 24 shows the diagram of how the bias is applied at the backside of the slider and the 

current is measured at the abs side of the slider while the tip scans the surface. 

 

 
Fig. 24. Sample-biasing diagram 

 

In scanning the sample, faster scanning should be avoided because it will wear off the tip 

easily particularly when the sample has some contaminants or has some high topography. 

Too slow scanning, on the other hand, may change the property of the sample being 

measured since more charges will be trapped and defects will be formed due to longer 

stress times applied [5,17]. For example, to scan a 512 x 512 pixel image, with scan rate at 

5 seconds per line takes roughly 5 x 512 = 2560 seconds (around 45 minutes) [17]. In this 

study, the imaging of the samples used scan rate of 2 seconds per line on a 256 x 256 pixel. 

The scan size varies between 15 x 15 u μm and 20 x 20 μm depending on the requirement 

of the analysis to be done which will take around 9 minutes of scanning. 
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3.4 Technique Optimization 

 

Line profiles were taken from the same line in topography image, Fig. 25 (a), and its 

corresponding current map, Fig. 25 (b).  The overlay of the profiles in Fig. 25 (d) shows 

that the current spikes is not highly correlated to the topography, that is, not all high 

topography will have high current or low current. This is possibly due to the arrangement 

of the electrons accumulated at the surface as discussed by Polspoel [17]. When the sample 

bias is increased to positive voltage, the current signal peaks also increased in the same 

sign as the bias and at the same point on the surface, as shown in Fig. 25 (c). Increasing 

sample bias increases more conductive areas in the DLC and thus, additional current 

signals are obtained, as shown in the overlay of line profiles from the current map at 

different bias in Fig. 25 (e). 

 

 
Fig. 25. (a) Topography image with (b) current image acquired at 0.5V sample bias, and 

(c) current image acquired at 1V sample bias. (d) Overlay of topography profile and 

current profile along a line. (e) Overlay of current profiles at 0.3 and 1V bias  

 

The electrical bias limit for the sliders is known to be around 2V. To compare the 

resistivity as a function of thickness, fixed bias should be applied on all samples. Since thin 

DLC are softer material, the sample bias was selected from thin DLC with thickness 10Å, 

15Å, 20Å, and 25Å. Ramping voltage from 0 to 2 V was applied on 3 points of each slider, 



 

22 

 

and current was measured at the surface as shown in Fig. 26 (a). The current started to 

trend up significantly at different voltage values for each thickness and the maximum limit 

(10nA) of the amplifier was already reached at less than 1V sample bias on thin DLC. 

Noisy current signals were also observed after around 0.6 V. Higher voltage thresholds are 

expected for thicker DLC. Topography image was acquired after I-V acquisition to 

confirm any damage or hillocks formation. Topography image of 10Å in Fig 26 (c) didn’t 

show any difference in topography with Fig 26 (b) on the area where I-V curve was 

acquired (blue box), similar with the other 3 thickness measured. For this study, the 

samples bias was fixed at 0.5V to be able to get stable current signals on thin DLC.    

 

 
Fig. 26. (a) I-V curve of sliders with 10Å, 15Å, 20Å, and 25Å DLC thickness and (b) 

Topography image before I-V spectroscopy and (b) after applying 0 to 2V ramp voltage 

 

To verify the repeatability of the current density produced by the selected sample bias, 4 

sliders with different DLC thickness (10Å, 20Å, 30Å and 40 Å) were measured in 10 

cycles, 1 cycle corresponds to single measurement of each slider. For a quantitative 

comparison of current map, histogram of the current values can be used according to 

Polspoel [17].  The current root mean square (rms) was obtained from the histogram of the 

current data inside the red box with size (8 μm x 0.5 μm) shown in Fig 27 (a). The 

repeatability of the current rms for each DLC thickness was shown in the trend chart in 

Fig. 27 (b). The standard deviations of each thickness are 0.05nA for 10Å, 0.11nA for 

20Å, 0.10nA for 30Å, and 0.03nA for 40Å implying a decent repeatability of the analysis 

procedure at a given fixed sample bias (0.5V). However, it can be observed that for 30Å 

and 40Å, the trend started to go down after the 4th measurement, implying a possible tip 

wear. The mean difference between the results will be further discussed in chapter 4, 

section 4.2. 
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Fig. 27. (a) Current map of 10Å, 20Å, 30Å, and 40Å sliders with current rms measured 

inside the red box (b) the repeatability trend of the current rms on different DLC thickness 

 

Due to the tip life, tip cost, measurement time and other limited resources, sample size is 

set to 5 sliders for each group of samples. The measurement is done such that 1 cycle is 

consists of a 1 slider measurement per group, total of 5 cycles for each set. However, for 

the samples with DLC that has tribological wear, limited samples are measured by C-

AFM.  

 

The same sliders measured by C-AFM are forwarded to TEM to verify the correlation of 

the electrical property to the structure, while the observed current map on worn-out DLC is 

correlated to SEM technique and TEM-EELS as well.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Characterization of layers underneath DLC 

 

To understand further the current signals at the surface of DLC, the property of the layers 

underneath the DLC was first characterized. Before the slider is processed in FCA, the 

exposed surface layer is the NiFe alloy which has low resistivity (around 10-6 Ω-m) [19]. 

The seed deposited on top of the NiFe after etching is silicon doped with nitrogen (SiN) in 

material. Doped semiconductors tends to behave metallically (conductive). Carbon films 

resistivity is around 102 to 1016 Ω cm according to Grill [3] thus, NiFe and seed are 

expected to be more conductive than carbon. 

 

C-AFM measurements on each surface layer are shown in Fig. 28. Very low current 

signals are observed at the NiFe surface (after lapping and after etch only) and seed surface 

(after seed deposition) compared to carbon surface (etch + carbon and full process). 

Between with and without seed layer, differences in the current signals are also observed at 

carbon surface.  

  

 
Fig. 28. Topography and current image of magnetic heads from different processes 

producing different types of layers on the surface and different current maps. NiFe surface 

for after lapping and after etching, seed surface for etch + seed, and carbon surface for etch 

+ carbon and full process. 

 

The distribution of current rms at 0.5 V sample bias on each sample from different process 

condition is shown in Fig. 29. Current map of both NiFe and seed surface have maximum 

current signals at around 2 nA and current rms of less than 0.02 nA. Meanwhile, samples 

with carbon as top surface such as after etch + carbon and after full process (seed layer + 



 

25 

 

carbon) shows maximum current signal of around 9.80 nA (near to amplifier current limit) 

and current rms of 1.90 nA and 1.65 nA, respectively. Current maps and current rms data 

implies a more resistive NiFe and seed surface than carbon surface.  

 

 
Fig. 29. Current rms (nA) as a function of different process condition producing different 

surface layer. 

 

The resistivity of NiFe and seed are possibly due to the oxidation of the exposed surfaces, 

as metal and semiconductor material are reactive to oxygen. The high current spikes 

observed in Fig. 28, with NiFe as surface layer, is a conductive material but unlike NiFe, it 

does not react with oxygen at room temperature. The sudden increase of current signals on 

surface with carbon is due to the direct connection of conductive NiFe and carbon creating 

a conductive interface layer. The small decrease in current between without and with seed 

is possibly due to the change in the interface layer from metal-carbon to SiN-carbon. As 

discussed by Robertson [8], interface layer affects the property of thin films significantly. 

The delta of the current rms mean between etch + carbon and  full process cannot be 

directly equated to the current rms of etch + seed due to the effect of oxides present on the 

surface. 

 

4.2 DLC electrical property as a function of thickness 

 

When the DLC thickness is varied at fixed thickness of seed layer, the highest current 

signals at the surface of the sample was observed with 20Å thick film as shown in Fig 30. 

As the DLC gets thicker than 20Å, the current signals at the surface are getting weaker. 

The reduction in the current signals is also observed on DLC thinner than 20Å. Fig. 31 

shows the distribution of the current rms as a function of DLC thickness which matches the 

observation on the current signals at Fig. 30. The increase in current signals as the DLC 

goes thinner is possibly related to the reduction of high sp3 content of the bulk material at 

the middle layer as discussed by Robertson [8] and Ferrari [2, 10].  

 

However, when the DLC is thinner than 20Å, the current signals start to decrease gain. 

This decrease in current signals is possibly due to the presence of resistive materials 

mixing with carbon. According to Ferrari [2, 10], DLC coverage is pin-hole free or has 

uniform coverage as long as the film thickness is more than roughness of the surface. In 

table 4, carbon thickness of 1.5Å (for 10Å total thickness) is almost equivalent to the size 
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of 1 C-C bond atom. With the surface roughness of the topography measured at around 2Å, 

the uniformity of the DLC coverage is already questionable. Meanwhile, the 6.5Å carbon 

thickness (for 15Å total thickness) with slightly less current signal than 11.5Å carbon (for 

20Å total thickness) is also possibly going to the 1.5Å condition. To understand this 

further, the samples were submitted to TEM for EELS and sp3 content analysis.  

 

 
Fig. 30. Topography and current image of magnetic heads with varying DLC thickness 

 

 
Fig. 31. Current rms trend as a function of thickness 

 

 

A long cross-section of the representative slider for DLC thickness 10Å, 15Å, 20Å, and 

50Å was prepared for TEM-EELS analysis. Each area of the cross-section was identified 

by position numbering, as shown in Fig. 32.  
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Fig. 32. Position identification of the cross-section for EELS analysis  

 

On 10Å and 15Å DLC thickness, TEM-EELS analysis showed seed layer material SiN is 

already present on carbon area and is having some oxidization on the surface of thin DLC 

thickness of 15Å and worse on 10Å as shown in Fig. 33 (b). DLC is still discernible and no 

oxidation on the NiFe alloys observed, thus the presence of SiN and oxygen possibly 

happens on the pinholes in the DLC. The oxidation of the seed layer was already known to 

produce a resistive effect on the surface as discussed in section 4.1. 

 

 
Fig. 33. (a) TEM micrographs at position 8 of each thickness, and (b) relative composition 

(%) of materials by TEM-EELS along a 25-nm section from NiFe to CrOx for 10Å and 
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20Å DLC thickness. The chrome (Cr) and oxygen (O) above the carbon are the capping 

layer to protect DLC during TEM sample prep   

 

For DLC thickness of 20Å and 50Å, in Fig. 34 (a) and (b), no oxidation on the substrate 

was observed. The amount of carbon (C) is very distinct and the mid (bulk) layer widens as 

thickness increases. The sp3 content, in Fig. 34 (c), is also higher for thicker DLC, 70% for 

20Å and 80% for 50Å, correlating to the decrease in current signals observed at the surface 

by C-AFM. The sp3 content values acquired are near the value illustrated in Fig. 9, which 

is around 90% for around 20 nm (200Å) thickness of DLC.  

 

 
Fig. 34.  (a) TEM micrograph at position 8 of each thickness, (b) relative composition (%) 

of materials by TEM-EELS along a 25-nm section from NiFe to CrOx for 20Å and 50Å 

DLC thickness, and (c) sp3 content profile of the carbon present (including TEM carbon 

layer at far right). The chrome (Cr) and oxygen (O) above the carbon are the capping layer 

to protect DLC during TEM sample prep. 

 

Using Ohm’s law, 

𝐼 =  
𝑉

𝑅
 

 

(4) 
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where I is the current rms in A and V is equal to 0.5V sample bias, the resistance R in ohms 

(Ω) can be calculated. The resistivity can be calculated using  

𝜌 = 𝑅 ∗ 
𝑙

𝐴
 

where l is the DLC thickness in cm and A is the measured surface area, 8 µm by 0.5 µm, in 

cm2. Table 8 shows the calculated resistivity values using target thickness and TEM target 

thickness while Fig. 35 shows the plot the resistivity values.  The resistivity value from 

Gopinathan et al [4] was also listed for comparison. The values calculated are within the 

range of 102 to 1016  Ω-cm as discussed by Grill [3] and are comparable to reported values 

by Gopinathan et.al [4]. The difference between the calculated values and the reported 

values are due to the differences on the substrate, DLC deposition technique, and the 

measurement tool variation. 

 

Table 8. Calculated resistivity as a function of thickness  

 
 

 
Fig. 35. Resistivity comparison as a function of thickness  

 

4.3 Characterization of DLC with tribological wear 

 

When 20Å thin DLC underwent overwrite test where the slider touches the media, the 

DLC wears down as a function of the applied power to the slider. The topography and  

current maps of worn-out DLC in Fig. 36 (a) showed that the area with expected DLC 

removal has lower current signal relative to the surrounding. The overlay of the normalized 

line profiles in Fig. 36 (b) taken along the wear showed increasing material removal from 

edge to center while the current signals seemed to saturate at very low current when some 

of the material was already removed. The amount of decrease in current signals does not 

Target 
TEM 

actual

DLC on magnetic head 

(@ Target thickness)

DLC on magnetic head 

(@ TEM thickness)

DLC on Si substrate 

(Gopinathan et al [4])
10 13 0.5 1.29E-09 3.87E+08 1.55E+08 1.23E+08

15 20 0.5 1.93E-09 2.59E+08 6.92E+07 5.09E+07

20 27 0.5 2.11E-09 2.37E+08 4.75E+07 3.57E+07

25 0.5 1.50E-09 3.34E+08 5.35E+07

30 0.5 7.09E-10 7.05E+08 9.40E+07 6.40E+08

35 42 0.5 4.02E-10 1.24E+09 1.42E+08 1.18E+08

40 0.5 1.27E-10 3.95E+09 3.95E+08

45 0.5 8.04E-11 6.22E+09 5.53E+08

50 61 0.5 3.86E-11 1.30E+10 1.04E+09 8.49E+08 7.00E+08

60 0.5 1.78E-11 2.81E+10 1.87E+09

DLC Thickness (Å)
Sample 

Bias (V)

Current  rms 

mean (A)

Resistance 

(Ω)

Resistivity (Ω-cm)

(5) 
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correlate directly to the material removal.  The normalization of the profile is done relative 

to the 1st 10 points from the edge without or with less wear. In SEM image of the same 

slider, in Fig. 36 (c), the white spots observed indicates absence of DLC while the dark 

contrast indicates change in DLC structure, and both of these changes are observed to be 

both resistive (low current signals compared to surrounding). The resistive area is possibly 

due to either oxidation of the seed or NiFe, or decreasing of high sp3 content at bulk layer 

as discussed in sections 4.1 and 4.2. 

 

 
Fig. 36. (a) Topography image of slider after overwrite test and corresponding current 

image, (b) overlay of normalized topography and current line profiles along the wear, and 

(c) SEM low magnification image that verified the absence of DLC at center area (white 

spots in smaller ellipse) and DLC structure difference on the surrounding area (within the 

bigger ellipse) 

 

TEM-EELS analysis on another head with similar thickness and higher wear (but DLC is 

still discernible) is shown in Fig. 37 (a) and (b). The cross-section was done on the right 

half area where the center area has the highest amount of wear and lowest current signals. 
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However, the maximum current signal observed in Fig. 37 is lower than in Fig. 36 which 

has similar total thickness. This may imply that the sample bias voltage of 0.5V is only 

repeatable and applicable to bar level. 

 

 
Fig. 37. (a) Topography and current image of worn-out 20Å DLC with C-AFM (b) overlay 

of normalized topography and current line profiles along the wear (c) TEM micrograph 

and TEM-EELS relative composition (%) along a 25-nm section from NiFe to CrOx.  

 



 

32 

 

The overlay profile in Fig. 37 (b) shows that 5Å to 7Å removal (13Å to 15Å total 

thickness) may still have some current signals while the overlay profile in Fig. 36 (c) 

shows that 2Å removal (18Å total thickness) has very low current. But, the units of the 

current signal are different between the 2 overlays, pA and nA, so it cannot be directly 

compared. TEM-EELS relative composition (%) in Fig. 37 (c) shows some Ni present on 

carbon area on both center and right edge while the oxygen content is higher in the center 

area than the right edge area. This implies oxidation of the NiFe at carbon layer. The seed 

layer may have been also damaged since NiFe was exposed. This explains the resistivity 

observed on the worn-out area of thin DLC.  

 

To verify if the oxidation is due to applied sample bias by C-AFM, another slider from the 

same batch was submitted for TEM-EELS analysis and the result also shows presence of 

Ni and oxidation on carbon area as shown in Fig. 38 confirming that C-AFM does not 

induce diffusion or oxidation of NiFe nor seed layer. 

 

 
Fig. 38. (a) Topography and current image of worn-out 20Å DLC without C-AFM (b) 

overlay of normalized topography and current line profiles along the wear (c) TEM 

micrograph and TEM-EELS relative composition (%) along a 25-nm section from NiFe to 

CrOx. 
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To observe the current map of worn-out thick DLC, representative slider of DLC thickness 

35Å and 60Å were also measured by C-AFM as shown in Fig. 39. The results shows 

similar current map with thin DLC but the maximum current signals also gets lower as the 

DLC were thicker. However, the current values at the surrounding area are much less than 

the non-wear DLC with similar thickness, which is again possibly due to the applicability 

of the sample bias (0.5V). For one of the 60Å heads, high current at the center with the 

wear was observed to be different from normal current map for worn-out DLC. The 

topography wear seems to be comparable however, the current signals are not. The 

normalized current profile shows smaller current change with 60Å compared to 35Å. 

 
Fig. 39. (a) Topography and current image of worn-out 35Å and 60 Å DLC, and (b) 

overlay of normalized topography and current line profiles along the wear 

 

The 1st (35Å) and 3rd (60Å) slider were sent for TEM analysis. Unfortunately, the 2nd 

(60Å) sample was damaged during TEM sample prep. TEM-EELS results for each 2 of the 

sliders are shown in Fig. 40. The DLC at center area that corresponds to the worn-out area 

is thinner than in right edge in both thicknesses, as shown in Fig. 40 (a) and (c). No 

oxidation was observed at the surface and on the NiFe or seed layer area, also in both 

thicknesses, as shown in Fig. 40 (b) and (d). The results are not similar for worn-out thin 

DLC where oxidation of the NiFe or seed causes the low current signals.  
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Fig. 40.  (a) and (c) TEM micrograph at center and right edge of 35Å and 60Å, and the 

corresponding (b) and (d) relative composition (%) of materials by TEM-EELS along a 25-

nm section from NiFe to CrOx. 

 

The sp3 content shown in Fig. 41 between the center and right edge of each slider is almost 

similar but it can be observed that for 35Å, the center area has a bit smaller sp3content than 

the right edge that can possibly explain the much lower current signals in the center area. 
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For 60Å DLC, sp3 content at the surface for both center and right edge position is almost 

similar, correlating to the current map where center and right have comparable current 

signals. As shown by Ferrari [2, 10], in Figs. 6 and 7, when thick DLC (around 60 Å to 80 

Å) gets thinner by 10Å, sp3 content will not change significantly.  

 

 
Fig. 41. Overlay of sp3 content at center and right edge of a worn DLC with thickness (a) 

35Å and (b) 60Å. Note that the sp3 content at far right (at 20 to 25 nm) is from TEM 

carbon.  
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION 

 

5.1 Conclusion 

 

Characterization of electrical property of DLC deposited on magnetic heads using C-AFM 

and its correlation to the structure analyzed by TEM has been demonstrated. The current 

signals and pattern observed at the surface of the DLC after application of sample bias is 

mainly due to the structure and composition of the DLC and is not highly correlated to the 

topography. The repeatability of the current density using the selected voltage bias is 

around 0.1nA. However, the voltage bias may have different repeatability for slider level 

or other substrates. 

 

From the characterization of different layers underneath DLC, it was observed that the 

interface layer could affect the overall electrical property of the carbon. While, without 

carbon, presence of oxides affects the electrical property of NiFe and seed layer. 

 

The current rms of DLC using 0.5V sample bias is highest at 20Å DLC thickness. 

Increasing thickness from 20Å corresponds to a decrease in current rms which correlates to 

the increase of sp3 composition of the carbon. Meanwhile, the decrease in current rms as 

the DLC goes thinner than 20Å corresponds to presence of oxidation of the seed or the 

shields due to possible non-uniformity of DLC coverage. The calculated resistivity of the 

DLC deposited on magnetic heads, as shown in Table 8, varies from 4.75e7 Ω-cm for 20Å 

thickness to 8.49e8 Ω-cm for 60Å thickness which is within the range of the reported 

values [3, 4]. However, the values calculated may not be exactly due all to DLC since the 

influence of the NiFe and seed layer conductivity or resistivity were still unknown. 

 

The current map has shown the change in the electrical property of the DLC after some 

removal.  When thin DLC (20Å and lower) are worn-out, the decrease in current signals 

does not correlate directly to the material removal, instead, the resistivity observed 

corresponds to the oxidation of the seed layer or the NiFe.  Meanwhile, the low current 

signals on worn-out area of thick DLC (> 20Å) is correlated to the decrease in sp3 content 

at the mid or bulk layer of the DLC.  
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5.2 Recommendation 

 

It was observed that the maximum current at expected no-wear-area of the sliders that have 

tribological wear is lower than heads without wear at bar level. One of the possible reasons 

is the selection of the sample bias at bar level. The sample bias applicability to slider level 

can be confirmed by comparing the I-V curves at bar level and slider level of same DLC 

thickness. To select the sample bias, the current should not be within the capacitive or flat 

curve but it should not be too high to avoid the damage of the sample. Repeatability of the 

current rms should also be checked such that no significant decreasing trend is observed. 

Decreasing trend means that the bias is not enough to activate the conductive areas on the 

surface. Another possible reason for the difference of current observed is that sliders torn 

down from HGA level may still have some remaining adhesive at the back side, thus the 

back side may not be laying flat on the silver tape and less voltage may reach the surface. 

Line mapping, which is measuring the same sample at bar level, slider level, and after 

overwrite test can also be done to confirm structural change of the sample.  

 

The actual resistivity of the layers underneath the DLC was not considered in the 

calculation of the resistivity values. More accurate values can be acquired by knowing the 

resistivity of the NiFe and seed layer without oxidation however measurement 

environment should be controlled to avoid oxidation. More simple option is to deposit the 

DLC to a substrate that does not react with oxygen at room temperature. The resistivity of 

the substrate without oxide can be measured at normal clean room. This value can be 

subtracted from the resistivity observed at the surface following Polspoel [17] equivalent 

circuit diagram for C-AFM. The effect of the seed layer can also be understood by varying 

the thickness of the seed at fixed carbon thickness.  

  

The localization of DLC defects with areal size was shown to be possible. However, the 

question of lower current signals on non-wear area should be understood first. Additional 

TEM analysis on different points with different current signals on the same head will also 

provide better understanding of the current maps observed. 
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