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Scattering scanning near-field optical microscopy enables optical imaging and characterization of

plasmonic devices with nanometer-scale resolution well below the diffraction limit. This technique

enables developers to probe and understand the waveguide-coupled plasmonic antenna in as-

fabricated heat-assisted magnetic recording heads. In order to validate and predict results and to

extract information from experimental measurements that is physically comparable to simulations,

a model was developed to translate the simulated electric field into expected near-field measure-

ments using physical parameters specific to scattering scanning near-field optical microscopy phys-

ics. The methods used in this paper prove that scattering scanning near-field optical microscopy

can be used to determine critical sub-diffraction-limited dimensions of optical field confinement,

which is a crucial metrology requirement for the future of nano-optics, semiconductor photonic

devices, and biological sensing where the near-field character of light is fundamental to device

operation. Published by AIP Publishing. https://doi.org/10.1063/1.5032222

I. INTRODUCTION

Today’s optic, photonic, and plasmonic devices incorpo-

rate light into nanoscale devices that enable diverse new

functionality for chemical or biological sensing and imag-

ing,1 precision light sources,2–4 silicon photonics-based com-

munications and signal processing,5 and data storage.6,7

These devices are often critically dependent on the behavior

of light well below the diffraction limit and therefore require

robust near-field characterization techniques, linked with

numerical predictions and validations, to design and fabri-

cate functioning devices. This requirement becomes even

more essential when such devices are to be manufactured in

massive quantities that require process quality control. In

fact, future hard disk drives (HDDs) will rely on near-field

optical heaters for data storage, and the successful develop-

ment and production of novel HDD magneto-optical write

heads is largely contingent on the ability to reliably predict

and validate the near-field behavior of as-fabricated devices

by direct experimental characterization. The technical

improvements to scattering scanning near-field optical

microscopy (sSNOM) that we have developed for HDD

write head optical antenna characterization are potentially

extensible and beneficial to any field of study involving the

direct optical measurement of photonic modes arising in

proximity to nanoscale features.

II. HEAT ASSISTED MAGNETIC RECORDING
BACKGROUND

Despite alternative technology developments, most of

the world’s increasing data storage demands are still satisfied

by HDDs. To improve efficiency, the HDD industry has

encountered and worked to overcome fundamental limita-

tions preventing the further areal density growth on a disk of

magnetic material.6–10 The currently used magnetic media

cannot support the smaller bit sizes (known as the superpara-

magnetic limit, smaller bits are less stable), but magnetically

harder media has proven too difficult to write (alter magneti-

zation) using the traditional magnetic write head strengths/

capabilities. In order for data to be recorded into this media,

a local spot on the disk with dimensions of the desired bit

size (tens of nanometers) must be heated close to its Curie

temperature resulting in a significant drop of its magnetic

coercivity, thus allowing the magnetic polarization to be

switched under the applied field. The chosen method for

locally heating the magnetic media in the under-

development devices is a plasmonic antenna, which focuses

the far-field optical light into high-intensity and rapidly

decaying near-field optical energy, which is directed onto the

recording medium [Fig. 1(a)]. The high-intensity near-field

energy is capable of heating the magnetic media (only a few

nanometers away) to the desired temperature while the rapid

decay of the evanescent field ensures that the thermal gradi-

ent in the media is large so the resulting bit size is compara-

ble to the size of the antenna and its near-field “spot.”

During drive operation, the media is a fast-rotating disk, and

as the disk rotates, the magnetic grains in the heated spot

experience an applied magnetic field from the write pole,

thereby switching their magnetization. Upon further disk

rotation, the recorded bit is removed from the near-field hot

spot, cools, and the magnetization is therefore “frozen” into

the media. This technology is known as heat-assisted mag-

netic recording (HAMR), and it is capable of achieving the

desired smaller bit sizes and higher areal densities.6,7a)aeronth@berkeley.edu
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Designing, developing, and fabricating the HAMR tech-

nology has numerous challenges associated with the newly

integrated laser, photonic, and plasmonic elements in addi-

tion to the magnetic elements already present. While electro-

magnetic simulations are immensely powerful and able to

guide design and predict results, experimental characteriza-

tion techniques are necessary to verify modeling results

when compared to empirical observations of as-fabricated

devices, which can be subjected to many variations, and to

determine the failure mechanisms. In HAMR, the introduc-

tion of a plasmonic antenna generating a deep subwave-

length near-field spot calls for a characterization technique

capable of investigating the properties and consistency of

this crucial feature of the HAMR head’s performance. The

former work has demonstrated the scattering scanning near-

field optical microscopy (sSNOM) to be a top candidate for

this task.10–18

III. SCATTERING SCANNING NEAR-FIELD OPTICAL
MICROSCOPY BACKGROUND

SNOM was originally developed as a probe system with

an aperture in a diaphragm,19,20 which later was traded for a

tapered optical fiber coated with metal such as gold, silver,

or aluminum.21–23 Propagating far-field light inside the fiber

is converted to near-field radiation by the angled metal coat-

ing and then illuminates the sample. This probe also serves

to convert the sample-interacted near-field back into propa-

gating far-field light, which would be observed back through

the optical fiber. However, the resolution limit of apertured

SNOM is determined by the dimensions of the aperture and

the excitation wavelength so that as the aperture shrinks, the

amount of electromagnetic energy coupled through the aper-

ture and transmitted to the far-field falls off precipitously

according to the Bethe limit (/ a6=k2).24 (Bethe’s analytical

near-the-hole solutions were later corrected by Bouwkamp,25

and a modern discussion is provided by Novotny et al.26) As

a result, for small aperture sizes, the near-field signal accessi-

ble using an aperture probe falls below the background and

noise thresholds for the technique, thus limiting the resolu-

tion of apertured SNOM to �50 nm for the visible or near-

infrared light. Because the HAMR plasmonic antennas are

generally smaller than this size, a technique offering better

resolution is necessary.

In sSNOM, the resolution of the SNOM technique is

increased by incorporating an atomic force microscopy

(AFM) scan probe tip that scatters, rather than transmits, the

near-field light into the far-field, thus causing the sharpness

of the AFM probe to determine the resolution rather than the

size of the aperture and the wavelength.27–30 For sub-ten-

nanometer tip radii, the scattering cross-section of light is

still more than sufficient to beat the signal-to-noise and sig-

nal-to-background limits when using a lock-in amplifier to

detect the light scattered from the tip.11 In the case of metal-

lic or metal-coated tips, the tip both generates the probing

near-field (through the “lightning rod” or “nanofocusing”

effect)31,32 and performs the function of a dipole scatterer by

converting the sample-interacted near-field radiation back

into the far-field light that can be collected by an objec-

tive.28–30 However, for the HAMR plasmonic antennas (as

well as for other general plasmonic structures), the near-field

is generated by the sample (excited by an external source),

and so tips with minimal signal disruption while still main-

taining high scattering cross-sections are desired.12 In this

work, uncoated silicon tips with a typical radius of

�5–15 nm and optically accessible tip apexes were used.

Given the large amount of background scattered light

that is generally present in sSNOM measurements, the signal

FIG. 1. Experimental layout and typical results. (a) A side profile schematic of a HAMR head including the added elements of a waveguide-coupled laser

source, which illuminates a plasmonic antenna located on the air-bearing surface (ABS). During operation, the ABS and plasmonic antenna are positioned

only a few nanometers from the media surface. (b) Side profile schematic of the sSNOM system showing the methods of illumination with an 830 nm laser and

detection of AFM tip scattered near-field light with an avalanche photodiode (APD) and lock-in amplifier. (c) Plasmonic antenna AFM image together with

near-field harmonic mappings collected from the first six harmonics of the AFM tip cantilever resonant frequency. The AFM image as well as the first three

harmonics was collected simultaneously while the next three were collected in a second set of scans. Maps are 400 nm� 400 nm.
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specific to the tip apex can be extracted through the use of a

lock-in amplifier tuned to the fundamental and higher har-

monics of the AFM tip cantilever’s resonant oscillation fre-

quency.11,33 Prior work has demonstrated that the lower

order harmonics include both the propagating and evanes-

cent components of the scattered light, while the higher order

harmonics have a stronger dependence on the near-field

strength and hence contain higher contrast near-field infor-

mation.11 The sSNOM system used to measure the HAMR

plasmonic antennas [Fig. 1(b)] in this work uses this lock-in

driven technique and is capable of capturing up to three har-

monics simultaneously during the AFM measurements [Fig.

1(c)].

IV. PREDICTING BEHAVIOR OF MASS-PRODUCED
PLASMONIC DEVICES

In order to use sSNOM to guide the design and develop-

ment of the HAMR devices, we developed a model to map

the electric field data from the electromagnetic simulations

into the expected harmonic mappings generated by the

sSNOM system. The first stage began with a few general

approximations. It was assumed that the position of the AFM

tip varied sinusoidally in time with the resonant frequency of

the cantilever (z / sinðx0tÞ), that the evanescent electric

field followed an exponential decay with increasing distance

along z away from the sample surface (E / e�z), and that the

scattering was proportional to intensity (rI / E2). As

expected, the model yields maximum scattering intensity

when the tip is closest to the surface [Fig. 2(a), here

x0¼ 300 kHz], and a fast Fourier transform (FFT) of the

scattered field yields harmonics that decay exponentially in

the intensity with increasing order. Using the sSNOM system

and oscilloscope capabilities of the lock-in amplifier soft-

ware, a scattering signal similar in shape to that of the simple

evanescent approximation was observed when the tip was

hovered (oscillating) over the center feature of the plasmonic

antenna containing the most intense near-field signal [Fig.

2(c)]. Despite the noise present in these data, a numerical

FFT still reveals several harmonics [Fig. 2(d)]. It is worth

noting that this FFT is performed through the numerical

analysis of the captured time-domain oscilloscope trace, not

by the lock-in amplifier hardware. The lock-in harmonic

acquisition during imaging was performed with sufficiently

long time constants in order to improve the signal-to-noise

ratio in the higher harmonics significantly above the thresh-

old apparent in this post-processed FFT trace.

Because the sSNOM system and the HAMR devices are

considerably more complex than the simple evanescent

model, further improvements to the model were made to bet-

ter match the experimental conditions. To substitute for the

simple evanescent electric field assumption (E / e�z), data

from the electromagnetic simulations were introduced to

account for the actual field expected for the as-designed

dimensions of the HAMR plasmonic antenna. The tip-

sample interaction was then accounted for in two stages. The

first stage weights each 1 nm� 1 nm z-column (where the

column is aligned normal to the surface of the sample) of

FIG. 2. Examining the approximations for the measured harmonics. Comparison of (a), (c), and (e) scattering signal and (b), (d), and (f) harmonics derived

from the fast Fourier transform of the corresponding scattering signal for three situations: (a) and (b) general approximation where the tip height (z) above the

ABS varies sinsoidally in time with frequency x0 and the electric field (E) decays exponentially with z, (c) and (d) measurements from the sSNOM system

with the tip positioned over the plasmonic antenna, and (e) and (f) modeled scenarios as calculated using simulated electric field data and accounting for the

tip’s effects.
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simulated electric field data by a scattering parameter

r17,30,34,35

EsSNOM ¼ rEmodel; (1)

which yields the scattering parameter adjusted electric field.

The scattering parameter r is derived from a spherical probe

and image dipole interaction and is defined by the following

set of equations:19,28,30

r ¼ aeff

p

ffiffiffiffiffiffi
8p
3

r

k2
;

aeff ¼
að1þ bÞ

1� ab

16pðaþ zÞ2

a ¼ 4pa3 �t � 1

�t þ 2
;

b ¼ �s � 1

�s þ 1
;

; (2)

where aeff is the effective polarizability of the tip-sample

combination, a is the polarizability of the silicon tip (approx-

imated here as a sphere), k is the free space wavelength of

the incident light, and �t and �s are the complex dielectric

functions of the tip and sample, respectively. �s was allowed

to vary based on the material (either gold, oxide, or magnetic

material) located directly below the z-column being

computed.

After applying the scattering transformation to the elec-

tric field, the second stage accounted for the shape of the tip.

Planar slices of the resulting weighted electric field parallel

to the air-bearing surface (ABS), which is the surface facing

the rotating magnetic media containing the plasmonic

antenna (in the xy plane), were serially convolved with two

matrices with each representing different components of the

shape of the AFM tip. One matrix was designed as a cone to

represent the shape of the tip’s shaft, and the other matrix

was designed as a top-hat to represent the shape of the end of

the tip. After these convolutions, for a 1 nm� 1 nm z-column

positioned directly above the plasmonic antenna, it can be

seen that the modeled time-dependent scattered field [Fig.

2(e)] more closely matches the shape of the measured scat-

tered field of the sSNOM signal [Fig. 2(c)] than does the

scattered field resulting from the simple evanescent model

[Fig. 2(a)]. Similarly, a FFT of this modeled sSNOM signal

[Fig. 2(f)] mimics the behavior of the measured signal from

the lock-in amplifier [Fig. 2(d)] yielding smooth harmonic

spikes, and when performed over the entire xy plane, yields

the desired modeled near-field harmonic mappings.

V. EFFECTS OF THE AFM TIP’S SHAPE

Development of the sSNOM model required further

investigation of the AFM tip’s local shape interacting with

the high-intensity near-field. Based on manufacturers’ speci-

fications, our experience, and the previous transmission elec-

tron microscopy (TEM) images, it was assumed that most

tips used in these experiments contained a 5–15 nm radius,

where the sharper tips [5 nm radius, Fig. 3(a)] gave a

sSNOM signal with better resolution than average [10 nm

radius, Fig. 3(b)] or blunter (>15 nm radius) tips.

Furthermore, TEMs of tips imaged post-scanning revealed

several nanometers of material built up on the tip, including

in the region separating the silicon tip from the sample.

Therefore, the corresponding change in the tip-sample sepa-

ration was accounted for in the sSNOM model in addition to

the tip’s radius. The TEM images also revealed the angled

nature of the used tip’s shaft as well as the flat top-hat nature

of its end.

Both the shape of the tip’s shaft and its end were incor-

porated into the sSNOM model through the two convolution

matrices described earlier. The shaft was approximated as a

cone with a half-angle of 9�, and the tip end was approxi-

mated as a top-hat (step function in cylindrical coordinates)

with variable radius. The radii of 5, 10, and 15 nm repre-

sented the range of usual tips while the radii of 20 and 40 nm

represented more extreme cases of blunt tips [Fig. 3(c)].

Based on the developed sSNOM model and the previous

experience with these tips, a radius of 15 nm was used in the

model for correlation with the experimental data. Further

improvement of the model is possible through the use of a

three-dimensional volumetric convolution, rather than two-

dimensional planar convolution used in this work, of the con-

ical tip shaft matrix (including the tip’s angled rather than

vertical approach) with the scattered field, which is expected

to more accurately model the physical configuration and

may increase the far-field contribution to the 1x0.

VI. EFFECTS OF THE AFM TIP’S DISTANCE
OF CLOSEST APPROACH

Further investigation of the mechanical AFM behavior

of the sSNOM system was performed in order to determine

the tip’s distance of closest approach (DCA) to the sample.

In the sSNOM model, the DCA value was set as the mini-

mum z height (and cutoff) for the FFTs of the scattered sig-

nal. It was found that the chosen DCA had a significant

effect on the sSNOM model’s results (Fig. 4). A smaller

DCA (tip approaches much closer to the ABS) incorporates

much more of the dominant near-field signal (as opposed to

the weaker far-field signal) into the FFT, which becomes evi-

dent in the harmonic maps for the fundamental frequency

[1x0, Fig. 4(a)] when compared with the higher 6x0 fre-

quency [Fig. 4(b)]. Maximum intensity plots are also

included for all the investigated harmonics and heights as

well as additional harmonic maps in the supplementary

material (Figures S1–3).

The estimation of tip DCA was also performed with a

mechanical model of tapping mode AFM, which solves the

equation of motion for the cantilever numerically as it

encounters tip-sample forces modeled to include the van der

Waals attraction, capillary adhesion due to a water layer, and

the Pauli hard sphere repulsion.36 When inputting the tip

radius, free amplitude, and amplitude setpoint (see supple-

mentary material), and using the measured phase signal as a

check for accuracy, the model shows that the cantilever was

oscillating in the repulsive regime indicating that the tip

183104-4 Otto et al. J. Appl. Phys. 123, 183104 (2018)
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approaches the surface very closely and experiences repulsive

contact with the sample at the bottom of most oscillations.

VII. RESULTS

Accounting for the thickness of material collected by

the tips during scans [�5 nm in Figs. 3(a) and 3(b)] as well

as other complex effects due to the water meniscus between

the tip and the sample surface,36,37 and comparing the exper-

imentally measured data with the sSNOM model’s results, a

DCA of 8 nm was chosen together with a tip radius of 15 nm

to represent the best fit of the sSNOM model to the experi-

mental measurements and expectations. A “good fit”

between the harmonic maps generated by the sSNOM model

and the experimental data was established when a bifurcated

near-field signal was observed in the higher order harmonics

(5x0, 6x0) but not in the lower order harmonics (1 – 3x0).

The visible near-field bifurcation requirement for the higher

harmonics ruled out the possibility of the experimental tip

having a radius of 20 nm or larger since no bifurcation was

evident, even in the 6x0 (Figure S4), when the chosen dis-

tance of closest approach was 1 nm (the closest possible in

the present model). In addition, a good qualitative agreement

between the experimental and modeled near-field maps using

the smaller tip radii (<15 nm) required DCA values exceed-

ing expectations and so were ruled out by the AFM mechani-

cal model (Figures S5–9). Since the sSNOM model’s results

show significant dependence on the DCA, incorporating the

simulated electric field data with the topographic sensitivity

(the presented simulations assumed a planar surface) would

more closely match the experimental conditions revealed by

the recessed nature of the waveguide relative to the antenna

seen in the AFM image and could improve the model.

Slices of the simulated electric field intensity at different

heights of interest [Fig. 5(a), with further details included in

the supplementary material, Figures S10–12] are compared

with the corresponding harmonics from the sSNOM model

results using a tip radius of 15 nm and a DCA of 8 nm [Fig.

FIG. 3. Tip radius effects. A transmission electron microscopy (TEM) image of (a) a better-than-average �5 nm radius tip and (b) an average �10 nm tip, both

coated with material (likely from the head) after scanning. Scale bars 5 nm (a) and 10 nm (b), respectively. (c) Near-field maps of the modeled system as a

function of tip radius and harmonic assuming the silicon portion of the tip has a distance of closest approach (DCA) to the sample of 8 nm. Near-field maps are

400 nm� 400 nm.

183104-5 Otto et al. J. Appl. Phys. 123, 183104 (2018)
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5(b)] and the experimentally measured harmonic maps [Fig.

5(c)]. From this comparison, it can be seen that higher har-

monics, such as 5x0 and 6x0, are more representative of the

near-field in the region that would be occupied by the mag-

netic media during drive operation than their lower order

harmonic counterparts. The nature of the higher order har-

monics in which this relationship was found signified the

prescribed rapid change in the near-field intensity closer to

the plasmonic antenna. The strange behavior exhibited by

the measured 4x0 was likely caused by a non-sinusoidal fea-

ture at the bottom of the tip’s oscillation due the tip’s possi-

ble contact with and/or repulsion by the sample surface

during its motion. The non-sinusoidal motion of the tip was

not accounted for in the present sSNOM model, but it could

be introduced upon further mechanical characterization of

the sSNOM-tip system and its interaction with the sample.

An introduction of a sharp change in the peak scattering

would surely become evident in one or more of the higher

order harmonics in the presence of non-sinusoidal tip oscilla-

tion. In the case of this experiment, this feature was found in

the 4x0, and it is also expected to have been present in the

8x0, etc. This observation as well as the AFM mechanical

model results and the flat nature of the post-scanning tips

suggests that the scan parameters cause significant tip inter-

action with the sample likely leading to the tip’s top-hat

shape. Scan parameters for typical non-contact tip operation

involve small oscillation amplitudes that fail to sweep suffi-

cient evanescent field variation and are not capable of per-

forming the desired full characterization of the plasmonic

antenna’s near-field. For this reason, the large oscillation

amplitudes were used that resulted in greater tip-sample

interactions.

FIG. 4. Modeled near-field data as a function of DCA and harmonic assuming a 15 nm tip radius. (a) At the tip cantilever’s resonant frequency, 1x0. (b) At

6x0. Near-field maps are 400 nm� 400 nm.
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In conclusion, sSNOM is a useful technique capable of

characterizing HAMR heads for next-generation hard disk

drives. The development of a sSNOM model to translate

from simulated electric field data was necessary in order to

derive meaning from the measured near-field harmonics.

Furthermore, the same model approach can be applied to

other plasmonic structures across many disciplines and

applications.

VIII. METHODS

Steady state electromagnetic modeling of the plasmonic

system was performed using the FDTD method in Lumerical.

The sSNOM measurements were performed with the

AIST-NT CombiScope 1000-SPM and tips from Nanosensors

(ATEC-NC). The auto non-contact/tapping default mode was

used with the 160 lm cantilevers (�300 kHz resonance),

80 nm oscillation amplitude, and 87 percent set point. An

830 nm laser (diode: Sanyo DL8142–201) was polarized

(Thorlabs LPVIS100-MP) and directed with free space optics

into the microscope. The microscope’s bottom objective

(Olympus ULWD MSPlan 50) mount was piezo tuned in three

dimensions first for coarse alignment and then for optimal cou-

pling of the laser spot into the waveguide once the tip was hov-

ered over the plasmonic antenna. A 50� objective (Mitutoyo

NIR M Plan Apo NIR 50�, 378–825–5) was precisely aligned

with piezo scanners (in objective’s xy plane, manual in z) and

used to collect the scattered light, which was then observed by

an APD (Thorlabs APD120A). The resulting signal passed

through a lock-in amplifier (Zurich Instruments HF2LI), and

data were collected through the AIST-NT software.

SUPPLEMENTARY MATERIAL

See supplementary material for additional modeled

near-field mappings as well as other graphs that more fully

demonstrate how the simulation results change with varied

input parameters (e.g. tip radius and distance of closest

approach DCA) to the model developed above.
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