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We report on the use of a knife blade as a scanning probe for apertureless near-field microscopy at

millimeter wavelengths. Since the knife blade probe is a wider version of the metal tip probe

commonly used in this technique, and therefore the interaction area between the probe tip and the

sample is larger, an improvement in the intensity of the measured near-field signal is expected. The

knife blade probe can also work as a part of a resonator in the illumination optics used in this

microscopy format to enhance the strength of the near field that interacts with the sample, resulting

in a further improvement in the signal intensity. A scanning method and an image reconstruction

algorithm based on computerized tomography are adopted to obtain 2-D near-field images.

Experiments performed at 60 GHz using a knife blade with a tip radius of 6 lm (�k=1000) show

that the signal intensity is enhanced by �20 dB compared with an equivalent metal tip probe, and

that an image resolution approaching the tip radius of the knife blade is achieved. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4757954]

I. INTRODUCTION

The scanning near-field imaging technique has been uti-

lized in a variety of instruments that cover frequencies span-

ning the microwave-to-optical regions. Many kinds of near-

field probes have been proposed and used during the devel-

opment of the technique, because they determine the image

resolution and sensitivity attainable in scanning near-field

microscopy.1 In the microwave region, coaxial probes2–9 are

the ones most commonly used. These probes are made up of

a fine coaxial cable with a sharpened central conductor pro-

truding from the outer shielding. The spatial resolution is

determined by the size of the tip of the inner conductor.

Microstrip- and strip-lines, and a small aperture in a conduct-

ing screen are also used as near-field probes in the micro-

wave region.10–12 In the millimeter-wave region, tapered

dielectric waveguides are used.13,14 Slit-type probes15–21 fea-

turing no cutoff, having a slit-like aperture in a rectangular

or a parallel plate waveguide, are suitable for use in the

millimeter and terahertz wave regions because of the sim-

plicity of their structure. In comparison with optical waves,

the benefit of using radio waves such as microwaves, milli-

meter waves, and terahertz waves in scanning near-field mi-

croscopy lies in the promise of new types of material

contrast. A good example is the mapping of electronic trans-

port properties in semiconductors and in biological sys-

tems.16,22–24

At higher frequencies than millimeter waves, espe-

cially in the terahertz and infrared regions, possibly due to

the lack of low-loss waveguides, a sharp metal tip is widely

used as a scanning probe.23,25–35 In this microscopy format,

the metal tip is held close to the surface of the sample and

evanescent waves are converted to propagating waves. The

radiation scattered from the incident radiation is measured

for imaging. This technique is called apertureless near-field

microscopy, since apertures to confine the incident radia-

tion or limit the collection area are not used. As is the case

for the coaxial probe, the spatial resolution is determined

by the radius of curvature of the tip. The metal tip probes

are easy to fabricate and permit extreme subwavelength re-

solution because of the simplicity of their structure. The

signal intensity of the scattered waves, however, is rela-

tively so small that it is submerged within a large back-

ground signal.

We report here the use of a knife blade as a scanning

probe for apertureless near-field microscopy to demonstrate

the enhancement of the signal intensity and 2-D image

reconstruction at millimeter wavelengths. Since the knife

blade is wider than the metal tip, and hence the interaction

area between the tip and the sample is larger, an improve-

ment in the signal intensity of the scattered waves is

expected. Because the width of the knife blade can be larger

than the diffraction-limited spot size of the incident radia-

tion, further improvement can also be expected when incor-

porating a resonator in the illumination optics using the knife

blade as part of the resonator to enhance the strength of the

near field interacting with the sample. Although the experi-

ments were carried out at a millimeter-wave frequency of 60

GHz, the apertureless near-field scanning microscopy using

a knife blade investigated here can also be implemented in

the terahertz and infrared regions to improve the signal-to-

noise ratio in image acquisition.a)Electronic mail: nozokido@eng.u-toyama.ac.jp.
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II. EXPERIMENTAL SETUP

Fig. 1 is a schematic drawing of our millimeter-wave

apertureless near-field scanning microscope using a knife

blade. Radiation at 60 GHz (k ¼ 5 mm) from a circular horn

antenna having an aperture diameter of 10 mm is incident on

the knife blade probe with p-polarization. The distance

between the aperture of the circular horn antenna and the

probe tip is 8 mm. Scattered waves from the probe are col-

lected by a 100-mm-diameter polyethylene lens having a

focal length of 72 mm and then received by a standard-gain

rectangular horn antenna. The distance between the aperture

of the rectangular horn antenna and the lens, and that

between the lens and the probe tip are 60 mm and 124 mm,

respectively. The acceptance angle of the receiver ha is 20�.
Both antennas are connected to waveguide-to-coaxial trans-

formers (not shown in Fig. 1) that are connected via coaxial

cables to a vector network analyzer (VNA: Agilent 8510C)

to measure the complex transmission coefficient from port 1

to port 2, S21. The total transmission (jS21j ¼ 1 Unit) was

calibrated by directly connecting both transformers. The

sample to be imaged is placed on a sample mount consisting

of a hemispherical glass lens and an antireflection layer.17

The probe-to-sample separation is adjusted between ZL and

ZU, as depicted in the inset of Fig. 1, by a piezoelectric trans-

ducer (PZT) and a laser displacement sensor.

A scanning method and an image reconstruction algo-

rithm based on computerized tomography for 2-D image

reconstruction16–18 are used in order to facilitate deconvolu-

tion of the tip shape of the knife blade. The sample to be

imaged is scanned linearly for different sample-rotation angles

by a scanner using linear and rotational motor-driven stages.

A PC controls the scanner and the PZT, saves raw data col-

lected as projections from the VNA, and also executes image

reconstruction by a filtered back-projection (FBP) algorithm.36

Since the raw data acquired are complex numbers, intensity

and phase images are obtained after image reconstruction. For

each of the scanning points, two values of S21 at different tip-

to-sample separations, ZL and ZU, are acquired and the vecto-

rial difference between them DS21 is calculated and recorded

in order to extract pure near-field information by eliminating

unwanted background signals caused by surface waves within

the sample, reflected waves from outside the imaging area,

and so on. ZL and ZU were set as 1 lm and 7 lm, respectively,

in all the experiments.

For this proof-of-concept experiment for 2-D image

reconstruction using a knife blade probe, a commercially

available knife made of stainless steel (OLFA Art knife

XB157H) was selected for use as the near-field probe. The

knife was cleaned and then electroplated with gold (Au) to

produce a good scatterer. Figs. 2(a)–2(c) show a photograph

of the completed probe, its dimensions, and a scanning elec-

tron micrograph of the probe tip, respectively. The width of

the probe is 8 mm (1.6 k) and the radius of curvature of the

edge, i.e., the tip, is 6 lm (�k=1000). For perfect image

reconstruction to retrieve the physical properties of the sam-

ple, the sample should be a planar substrate with the topo-

graphical variation of the surface much smaller than the tip

radius of the knife blade.

III. RESULTS

A. Comparison of knife blade and metal tip probes

The near-field signal is affected by the antenna proper-

ties of the near-field probe. Since the near-field signal in

apertureless near-field microscopy originates from the tip-

sample interaction occurring in close proximity to the tip at

the end of the probe, the metal tip and knife blade probes can

be treated as antennas being excited at their tips. In this case,

the metal tip is modeled as a long-wire antenna. The knife

blade is a patch antenna with fringing electric fields responsi-

ble for radiation at one side of the patch. The radiation pat-

terns of the near-field signals for the metal tip and the knife

blade in spherical coordinates are37
FIG. 1. Experimental setup for apertureless near-field scanning microscopy

using a knife blade at millimeter wavelengths.

FIG. 2. Knife blade used as a scanning probe for apertureless near-field mi-

croscopy. (a) Photograph. (b) Dimensions of the probe. (c) Scanning elec-

tron micrograph of the tip.
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Fmetal tipðhÞ ¼ Ksin h
sin½ðpL=kÞð1� cos hÞ�
ðpL=kÞð1� cos hÞ (1)

and

Fknife bladeðh;/Þ ¼
sin½ðpW=kÞsin h sin /�
ðpW=kÞsin h sin /

; (2)

respectively, where L is the antenna length of the metal tip,

K is a normalization constant that depends on the length L,

W is the width of the knife blade, k is the wavelength, h is

the polar angle measured from the z axis (axis of the probe),

and / is the azimuthal angle measured from the x axis (see

Fig. 1). In the x-z (/ ¼ 0�) and y-z (/ ¼ 90�) planes, Eq. (2)

reduces to

Fknife bladeðhÞ ¼ 1 (3)

and

Fknife bladeðhÞ ¼
sin½ðpW=kÞsin h�
ðpW=kÞsin h

; (4)

respectively. The above equations show that the radiation

patterns of both probes are rotationally symmetric around the

z axis for the metal tip and around the y axis for the knife

blade. Fig. 3 compares the radiation properties of both

probes. Antenna gains and beam widths (FWHM) are calcu-

lated from Eqs. (1) and (4) as functions of the antenna length

L of the metal tip and the width W of the knife blade normal-

ized by the wavelength k. For both probes, as the length and

the width get larger, the gains increase. When the normalized

antenna length and the width are smaller than 1.6, the gain of

the metal tip is larger than that of the knife blade, while if

these dimensions are larger than 1.6, the gain of the knife

blade is larger due to more sidelobes arising in the case of

the metal tip than the knife blade. When comparing the

intensities of the near-field signal for each probe using the

same receiver, a fair comparison can be made using near-

field probes with the same radiation properties. This is the

reason for selecting a knife blade with a width of 8 mm

(1.6 k) for the experiments.

Fig. 4 compares the intensities of the near-field signal

jDS21j as a function of the receiver angle h for the knife blade

and metal tips with different antenna lengths of 4 mm and

8 mm. For the metal tip probes, a 0.3-mm-diameter tungsten

wire was sharpened at one end by an electroetching tech-

nique and then electroplated with Au. The antenna length of

the metal tip was defined by a right angle bend introduced

into the wire at a designated distance from the tip. The radius

of curvature of the tip is 7 lm, which is equivalent to that of

the knife blade. The sample was a mirror-polished quartz

substrate with a thickness of 0.5 mm and a diameter of

40 mm. The same quartz substrates were used for the other

samples in the following. The angle of maximum radiation

for the metal tip probe can be approximated by37

hmax ¼ cos�1
�

1� 0:371ðk=LÞ
�
: (5)

For the metal tip probes with antenna lengths of 4 and

8 mm, these angles are calculated from Eq. (5) to be 58� and

40�, respectively, which agree well with the experimental

results. The intensity of the near-field signal obtained using

the knife blade probe is nearly constant within the measured

range of h, as expected from Eq. (3).

Fig. 5 compares one-dimensional scans of aluminum (Al)

dots patterned on a quartz substrate for the knife blade probe

and the metal tip probe with the 8-mm-long antenna. The thick-

ness of the Al was 0.3 lm, which is one skin depth in Al at

60 GHz and is the same for the other patterned samples used in

the experiments. The intensity jDS21j and phase argðDS21Þ of

the near-field signal DS21 were recorded. The scanning arrange-

ment and a schematic diagram of the sample are depicted in

Fig. 5(a). In this experiment, the receiver angles were opti-

mized for each probe. The one-dimensional scans in Fig. 5(b)

show that the signal level obtained using the knife blade is �6

times (15.6 dB) greater than that using the metal tip, and that

the contrast mechanism for these two types of probe is the

same. It is also noticed that the random phase variation due to

noise for the metal tip diminishes in the case of the knife blade.

B. 2-D near-field imaging using the knife blade probe

In order to reconstruct images correctly by the FBP algo-

rithm when using the knife blade, the measured signal should

FIG. 3. Radiation properties of the metal tip and knife blade probes as

antennas.

FIG. 4. Intensity of the near-field signal jDS21j as a function of the receiver

angle h for the metal tip and the knife blade probes.
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reflect the line integral of the physical properties of the sample

along the width direction of the probe tip.16,36 To check this

for the knife blade, metal lines with different lengths were

taken as samples. Fig. 6 shows one-dimensional scans of Al

lines patterned on a quartz substrate. The lengths of the lines

vary from 0.2 to 1.2 mm, while their widths are all the same

(0.1 mm). The step size (sampling interval) of the linear scan

was 3 lm. The measured data were processed in order to set

the data for the quartz substrate such that jDS21j ¼ 0 and

argðDS21Þ ¼ 0. This was done by subtracting the value of

DS21 corresponding to the quartz substrate from each of the

measured data in vectorial operations. The effect of this opera-

tion on the images reconstructed by the FBP algorithm is that

the image intensity and phase corresponding to the quartz

plate are set to zero. The resulting differences in intensity

jDðDS21Þj and phase arg D DS21ð Þð Þ are plotted in Fig. 6(b).

This result proves the validity of using the FBP algorithm for

the knife blade to reconstruct 2-D images, since the intensity

is proportional to the length of the metal lines, and the phase

remains constant regardless of the length of the metal lines.

This result also shows that deconvolution of the tip shape of

the knife blade is possible, indicating that the image contrast

of the reconstructed images by the FBP algorithm is identical

to that of the image obtained using a metal tip. From the 10%

to 90% rises and the 90% to 10% falls of the profile of

jDðDS21Þj, we estimated the spatial resolution of the knife

blade to be 6.7 lm, which is equivalent to the tip radius of the

probe.

Reconstructed millimeter-wave images using the knife

blade are shown in Fig. 7. The sample was the metal dots

depicted in Fig. 5(a). Raw data sets for the images were

obtained under experimental conditions in which the sam-

pling interval for the linear scan was 10 lm, the number of

sampling points was 121, the angle interval for the rotational

scan was 1.5�, and the total number of projections (linear

FIG. 5. One-dimensional scans of metal dots patterned on a quartz substrate

for two kinds of near-field probe. (a) Schematic of the sample and scanning

arrangement. (b) Intensity and phase variation of DS21.

FIG. 6. One-dimensional scans of metal lines of different lengths using the

knife blade probe. (a) Schematic of the sample and scanning arrangement.

(b) Intensity and phase variation of DðDS21Þ.

FIG. 7. Reconstructed millimeter-wave images of metal dots. (a) Intensity

variation jDðDS21Þj of the raw data. (b) Phase variation arg D DS21ð Þð Þ.
(c) Reconstructed intensity image. (d) Reconstructed phase image.
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scans) was 121. Figs. 7(a) and 7(b) show the differences in

intensity jDðDS21Þj and phase arg D DS21ð Þð Þ of the raw data,

respectively. These are displayed as gray scale images.

Image reconstruction of the data in Figs. 7(a) and 7(b) was

done using the FBP algorithm. Fig. 7(c) is the reconstructed

millimeter-wave intensity image, and Fig. 7(d) is the phase

image. The pixel values in the intensity image have the same

units as the raw data, i.e., Units. The image size is 1.2 mm

� 1.2 mm. These millimeter-wave images reflect fairly accu-

rately the structure of the sample.

Since the knife blade and the sample form a corner

reflector, further enhancement in the intensity of the near-

field signal can be expected when a partial reflector is

inserted in the incident beam path in order to incorporate a

resonator comprising the partial reflector and the corner

reflector in the illumination optics. We put a high-

resistivity mirror-polished silicon (Si) plate at the aperture

of the circular horn antenna. The complex refractive index

of the Si plate measured at 60 GHz was 3:409� j0:000. The

thickness of the plate was adjusted to be 440 lm in order to

ensure maximum reflection. Fig. 8 shows reconstructed

images obtained with and without the Si plate. Raw data

sets for the images were obtained under the same experi-

mental conditions described above. The sample was pat-

terned Al on a quartz substrate depicted in the inset of Fig.

8(a), which has the reverse pattern of the sample shown in

Fig. 5(a). Fig. 8(a) is a plot of the intensity of the near-field

signal jDS21j as a function of the distance between the Si

plate and the corner reflector with the probe tip positioned

above the center of the sample, as depicted by the dotted

line in the inset. This is the relative distance to the point of

closest approach of the Si plate to the reflector. This result

indicates that this configuration works as a resonator. Data

acquisition for the images was performed at the distance

giving the maximum signal intensity in Fig. 8(a). As shown

in the intensity images in Figs. 8(b) and 8(c) (see also

Fig. 9), by incorporating this resonant structure in the illu-

mination optics, the image intensity corresponding to the

quartz dot improves by �2 times (6.0 dB). Since the image

intensity is proportional to the signal intensity, this result

demonstrates that the intensity of the near-field signal is

enhanced by more than 10 times (20 dB) using a knife blade

probe compared with an equivalent metal tip probe.

Because the images in Figs. 8(b) and 8(c) were recon-

structed in order to set the image intensity and phase corre-

sponding to Al to zero, the phase sign corresponding to the

quartz dots in the phase images should change compared

with that of the metal dots in Fig. 7(d). Although the recon-

structed phase images for Figs. 8(b) and 8(c) are not shown,

we confirmed this change of the phase sign (from negative

to positive) in the phase images.

Fig. 9 shows one-dimensional intensity profiles along

the line x1 � x01 in Fig. 7(c), x2 � x02 in Fig. 8(b), and x3 � x03
in Fig. 8(c). They are smoothed profiles of the original ones

after reducing noise. These profiles show that the image

intensities at the edges of the Al dots (x1 � x01) are enhanced

and vary steeply while those of the quartz dots (x2 � x02 and

x3 � x03) change gradually, i.e., the edges of the quartz dots

become indistinct. The interaction between the probe tip and

the samples can be treated quasi-statically. When the probe

tip is scanned near the periphery of a metal (Al) dot, because

most of the one-dimensional probe tip sees a dielectric

(quartz), the electric field beneath the tip is concentrated at

the metal edge, leading to an enhancement of the near-field

signal, whereas in the case of a dielectric (quartz) dot sur-

rounded by metal, the electric field coming from the probe

tip terminates at the surrounding metal rather than the dielec-

tric. This is a possible reason for this difference in the inten-

sity profiles, which would not be observed using point-like

metal tip probes.

FIG. 8. Comparison of reconstructed intensity images obtained with and

without a resonator in the illumination optics. (a) Intensity of the near-field

signal jDS21j when the distance between the Si plate and the corner reflector

is varied. (b) Reconstructed intensity image without the resonator. (c)

Reconstructed intensity image with the resonator.

FIG. 9. One-dimensional intensity profiles along the line x1 � x01 in Fig. 7

(c), x2 � x02 in Fig. 8(b), and x3 � x02 in Fig. 8(c).
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IV. CONCLUSIONS

A novel type of apertureless near-field microscopy using

a knife blade as a scanning probe was proposed and investi-

gated. Experiments performed at 60 GHz (k ¼5 mm) showed

that the intensity of the near-field signal improves by �6

times (15.6 dB) using a knife blade probe compared with an

equivalent metal tip probe and that 2-D millimeter-wave

images with subwavelength spatial resolution can be suc-

cessfully reconstructed by adopting a scanning method and

an image reconstruction algorithm based on computerized

tomography. Further enhancement of the signal intensity was

demonstrated by using a knife blade probe as a reflector for

an open resonator in the illumination optics. In higher fre-

quency regions, such as the terahertz and infrared regions,

this enhancement is likely to be greater because of the higher

quality factor of the resonator due to smaller diffraction

losses. The format of the apertureless near-field microscopy

investigated here should enable samples to be observed with

higher sensitivity than that achieved using a metal tip and

should reduce the measurement times required to record

near-field images.
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