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In contrast to conventional hard disk drives that work in an ambient condition, Heat-Assisted

Magnetic Recording (HAMR) technology works by applying a highly focused laser beam to heat

hard disk media up to around 400 �C. Under the HAMR condition, relevant hard disk components,

including lubricant film, need to be extremely thermally stable. This paper studied the HAMR laser

effect on the damage of our synthesized lubricant film together with a commercial lubricant

Z-Tetraol for comparison by using an x-ray photoelectron spectroscopy and a time of flight second-

ary ion mass spectroscopy. The results revealed that our lubricant showed better laser resistance

and thermal stability than the commercial lubricant. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4945821]

I. INTRODUCTION

The traditional magnetic recording technology has

reached bottleneck, and it becomes more and more difficult

to further increase the recording density due to the superpar-

amagnetism. It was, however, found that some highly stable

magnetic compounds1 such as FePt, FePd, CoPt, and MnAl

are able to store single bits in an extremely small area with-

out being limited by the superparamagnetic effect even

when heated above their Curie temperature. This thus led to

the application of heat-assisted magnetic recording (HAMR)

technology in hard disk drives. As a promising approach to

enable a large increase in the storage recording density of

hard disk drives,2 HAMR works by applying a highly

focused laser beam to rapidly heat up the requested localized

zone to above the Curie temperature. As it works at a tem-

perature of more than 400 �C, it requires current hard disk

components including the lubricant film to be thermally sta-

ble at such a high temperature.

A lubricant film on a hard disk surface plays an important

role in keeping reliability of the hard disk drives by protect-

ing the media from any contact impact when a hard disk

slider flies over disk media in an ultralow flying height and

ultrahigh flying speed during recording. The existing com-

mercial lubricant perfluoropolyethers (PFPE), such as Z-type

Fomblins Z-DOL, Z-Tetraol, and A20H, show excellent

properties such as good lubricity, low vapor pressure, low

evaporation rate, low surface energy, high thermal stability,

and low chemical reactivity at ambient hard disk operating

conditions. HAMR technology requires the lubricant to

retain all essential properties at high temperature and partic-

ularly under near field laser irradiation in order to avoid any

lubricant degradation and decomposition, which may lead to

failure of the whole hard disk drive.3–7

In consideration of the overall HAMR requirements, it is

necessary to improve thermal stability as well as laser

resistance of the lubricant. Therefore, many types of novel

lubricants have been purposely designed and synthesized8–14

in order to fulfill the prerequisites of the HAMR lubricant.

For example, an usual PFPE lubricant with OH end-groups

substituted by benzophenone8,9 enhanced photothermal sta-

bility. Another example showed that photic ionic liquids are

able to effectively improve the thermal stability of the lubri-

cant.10,11 Recently, several types of lubricants with molecu-

lar structures derived from structural modification of

conventional PFPE lubricants have been patented.12,13

In recent years, we have also been devoted to design and

synthesis of PFPE substituted cyclotriphosphazene-based

lubricants. These lubricants have shown potential to serve

as the HAMR lubricant by improving their thermal stability

and laser resistance without compromising their tribology

performance.14 The lubricant IDL1 is with a cyclotriphos-

phazene core, which is covalently linked with PFPE flexi-

ble chains through phosphorous–oxygen bonds. Being

different from the most usual PFPE chains, the PFPE chains

in IDL1 possess longer repeating units of OCF2CF2CF2

than OCF2CF2. It was found that the lubricant IDL1 has

enhanced thermal stability, improved laser resistance, com-

parable mobility, and other good tribology properties when

compared to commercial lubricants.15 This paper will be

focused on the study of the effect of laser irradiation on the

damage of lubricated films including IDL1 and commercial

Z-Tetraol for comparison purpose by using a thermogravi-

metric analyzer, an optical surface analyzer (OSA), a XPS,

and a TOF-SIMS.

II. EXPERIMENT

A. Molecular structure of the lubricant

Z-Tetraol is a commonly used PFPE lubricant with the

number-average molecular weight of 2500 and its chemical

structure is shown below. It is a PFPE copolymer with the

repeating units of CF2CF2O and CF2O (m/n� 1).a)Electronic addresses: Ji_Rong@dsi.a-star.edu.sg; jw-xu@imre.a-star.edu.sg
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The lubricant IDL1 with a molecular weight of 7900 was

with a cyclotriphosphazene inorganic core, which is cova-

lently incorporated into PFPE flexible chains with a repeat-

ing unit OCF2CF2CF2. Its chemical structure is given below:

B. Experimental details

The thermal stability of two lubricants was first analyzed

by TGA, which gives us the information on the stability of

bulk samples. The TGA analysis was conducted on Perkin

Elmer Pyris 1, the starting material is 30 mg, and the heating

rate is 10 �C/min in air.

Thin film samples of the lubricant are used for laser irradia-

tion and OSA, XPS, TOF-SIMS analyses. On a 2.5 in. glass

disk, 1.2 nm of Z-Tetraol or IDL1 lubricant films were depos-

ited on top of a 1 nm a-C:N over 4 nm a-C:H carbon overcoat

on 2.5 in. HAMR magnetic disks. On a HAMR system that is

developed by DSI,16 the disk was irradiated under a laser with

a wavelength of 532 nm, a pulse width of 1.3 ns, an average/

peak power of 19.07 mW/1.47 kW, and a spot size of around

260 lm. The samples with laser spot scans in the Y direction

to 1 mm and both X and Y directions to a 1 � 1 mm area were

prepared. The total laser heating time for each point in the area

is 1 ms. After the laser irradiation, the surface topographical

changes of the sample with laser spot scans in the Y direction

to 1 mm were first examined using OSA. The compositional

changes of the sample with laser spot scans in both X and Y

directions to a 1 � 1 mm area were then analyzed using a XPS

and TOF-SIMS. OSA Q-phase images were taken using

Candela 7100. The XPS measurement was conducted on a

PHI Quantera SXM scanning x-ray microprobe with a mono-

chromatic Al Ka source. The system was operated at 15 keV,

40 W, 45� take-off angle, 55 eV pass-energy with 0.1 eV

energy gap, and 100 lm size of beam. TOF-SIMS analysis

was carried out on a PHI TRIFT II equipment using a 15 keV

Gaþ primary ion source for both etching and surface analysis.

For surface ion mapping, the ion dose is less than 6� 1012

ions/cm2, and the analysis size was set as 100� 100 lm.

FIG. 1. (Color online) TGA diagrams of two lubricants Z-Tetraol and IDL1

in air.

FIG. 2. (Color online) OSA line scan results of Z-Tetraol and IDL1 films af-

ter laser irradiation.

FIG. 3. (Color online) XPS spectra of (a) C1s and (b) O1s before and after

laser irradiation for Z-Tetraol and IDL1 sample.
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III. RESULTS AND DISCUSSION

The thermal stability of lubricants Z-Tetraol and IDL1

were examined. The decomposition temperature, which is

defined as the temperature at which 5% weight loss occurs,

is used to evaluate the thermal stability of the bulk lubricant.

Figure 1 shows the TGA diagrams of both Z-Tetraol and

IDL1 bulk lubricants. IDL1 clearly showed much higher

decomposition temperature than Z-Tetraol. It was observed

that Z-Tetraol and IDL1 have decomposition temperatures

of 231 and 350 �C, respectively. The excellent thermal sta-

bility and low evaporation rate of IDL1 are most probably

due to the relatively high molecular weight as well as its lon-

ger repeat unit (OCF2CF2CF2) of the perfluoropolyether

chain than Z-Tetraol series.

OSA result of the laser irradiated zones is given in Fig. 2.

After calibrating the lubricant thickness with XPS measure-

ment, OSA results show that under same laser irradiation

condition, IDL1 is with shallower depth than Z-Tetraol. This

indicates that the IDL1 film has much better laser resistance

than the Z-Tetraol film. As IDL1 has no noticeable adsorp-

tion in the laser wavelength range from 380 to 800 nm,14,15 it

is believed that photo degradation can be ignored here, and

the thickness variation of the IDL1 film is mainly because of

the thermal effect. The shallow laser irradiation depth of

IDL1 film coincides with its better thermal stability than that

of Z-Tetraol film.

Figure 3 shows the XPS narrow scan of C1s and O1s

peaks of both lubricant films before and after laser irradia-

tion. In Fig. 3(a), the peaks at 284.8–289, 292, and 294 eV

are assigned to C1s of C–C/C–O/C¼O bonds, C–F2 bond,

and C–F3 bond, respectively. The C1s signals of C–F2 and

C–F3 bonds originate from the lubricant film, while the

C1s signals of C–C/C–O/C¼O bonds can come from both

the lubricant film and the carbon overcoat, which is an im-

mediate layer below the lubricant layer. Therefore, the

decrease in C–F2 and C–F3 C1s signals and at the same

FIG. 4. (Color online) TOF-SIMS ion ratios of (a) (C2F4O)n
�/CN�, (b)

(CF2O)n
�/C2F4O�, and end-group/C2F4O� for Z-Tetraol sample with and

without laser irradiation.

FIG. 5. (Color online) TOF-SIMS mass spectra of the Z-Tetraol lubricant film in the mass range of 600–1100 amu before and after laser irradiation.
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time the increase in C–C/C–O/C¼O C1s signals suggest

the decreased signal from the lubricant film and the

increased signal from the carbon overcoat. The results

show that laser irradiation induces a larger loss in film

thickness of the Z-Tetraol film than the IDL1 film, which

is consistent with OSA results. In Fig. 3(b), the peak at

�531.5–533 eV are ascribed to the O1s of O–C and O¼C

bonds, and the peak at �535.8 eV belongs to the O1s of

the O–Fx bond. The obvious decrease in binding energy

of the O1s of O–Fx peak for the Z-Tetraol lubricant film

and the limited change in the O1s of O–Fx peak for the

IDL1 lubricant film after laser irradiation again support

that the degree of changes in the lubricant’s thickness is

consistent with the thermal stability. Furthermore, the sig-

nal broadening of the O1s of O–C and O¼C bonds for the

Z-Tetraol lubricant film and the increased intensity of the

O1s of O–C and O¼C bonds for the IDL1 film after laser

irradiation is likely to suggest certain information on lubri-

cant decomposition, which will be analyzed by TOF-

SIMS.

FIG. 6. (Color online) TOF-SIMS spectra before and after laser irradiation of IDL1 film in the mass range of (a) 50–205 amu and (b) 250–2000 amu.
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TOF-SIMS analysis of the Z-Tetraol film is shown in

Fig. 4. The laser effect on the damage of the Z-Tetraol lubri-

cant film is studied through the analysis of the ratio changes

of its different ion fragments. Z-Tetraol’s molecular struc-

ture could be grouped as three segments: (C2F4O)m,

(CF2O)n, and end-group CF2CH2OCH2OHCHCH2OH. The

ion ratios of (C2F4O)m
�/CN� are given in Fig. 4(a). After

laser irradiation, all (C2F4O)m
�/CN� ratios drop in compari-

son with reference. It was reported that TOF-SIMS ion ratio

of PFPE backbone over nitrogenated carbon ion fragment of

CN� can be used as a lubricant thickness indicator.17 Our

results showed that laser irradiation made the lubricant layer

thinner. All signals could be normalized to C2F4O. Figure

4(b) shows CF2O�/C2F4O�, (CF2O)3
�/C2F4O�, C3H5O2

�/

C2F4O�, and CF2OC3H5O2
�/C2F4O� ratios for reference

and laser irradiated location, clearly showing that the ratio of

(CF2O)n/C2F4O increases and the C3H5O2
�/C2F4O� and

CF2OC3H5O2
�/C2F4O� ratios decrease from reference to

laser irradiated location. This reveals that the lubricant

decomposes upon laser irradiation, the decomposition hap-

pens more significant at the end-group of the lubricant, and

the final material is with higher amount of perfluoropoly-

methylene oxide component.

Figure 5 shows the ion mass spectra of the lubricant Z-

Tetraol sample in the mass range of 600–1100 amu before and

after laser irradiation. It is observed that the characteristic ion

fragments of HOCH2CHOHCH2OCH2CF2O(C2F4O)m(CF2O)n

CF2CH2OCH2
þ at 711, 827, 943, 845, 961, and 1077 amu

becomes not obvious after laser irradiation. On the other

hand, the characteristic ion fragments of OCFO(C2F4O)m

(CF2O)nCFOHþ at 639, 705, 755, 654, 770, 821, 886, 937,

953, and 1069 amu become significant after laser irradiation.

This also again confirms that laser irradiation induces Z-

Tetraol lubricant decomposition and indicates that the laser

irradiation induces Z-Tetraol lubricant decomposition from

original molecule to more O¼CFO(C2F4O)m(CF2O)nCF¼O

component.

Similar experiment was performed on the IDL1 lubricant

film, and TOF-SIMS spectra before and after laser irradiation

of the IDL1 film in the mass range of (a) 50–205 amu and (b)

250–2000 amu are shown in Fig. 6. Except that the intensity

of the overall spectrum fingerprint decreases, the lubricant’s

thickness decreases as evidenced by the obvious decrease in

the intensity of ion fragment of C6F5O�(183 amu) after laser

irradiation. This might indicate that laser irradiation break-

downs phosphorous–oxygen bond bridging between the side-

chain and the cyclotriphosphazene core in IDL1 as shown

below. The cleavage of the phosphorous–oxygen bond which

joins flexible PFPE leads to increase in O1s signals from O–C

and O¼C components.

IV. SUMMARY AND CONCLUSIONS

This paper studied the laser induced damage on commer-

cial and our synthesized lubricant films. It was found that

HAMR laser irradiation caused decomposition of both end-

group and backbone components of the Z-Tetraol lubricant.

In contrast, IDL1 showed better thermal stability; however,

the cleavage of phosphorous–oxygen bond bridging the flex-

ible PFPE and the cyclotriphosphazene core was observed.

This would give us insight into how to design and synthesize

new types of cyclotriphophazene-based lubricants. For

example, the introduction of more thermally stable moieties

in the lubricant molecule to further enhance the thermal sta-

bility and laser resistance of lubricant film has yet to be

demonstrated.
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