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(57) Abstract: A method for scanning near-field optical microscopy comprises illuminating an apertureless atomic force microscopy
(AFM) probe with electromagnetic energy having a frequency in the Terahertz range, where the sample under observation includes
a dielectric layer having a thickness greater than the radius of the tip of the AFM probe. A system for scanning near-field optical
microscopy comprises a collimated light source for emitting collimated light, a photoconductive antenna for converting collimated
light into electromagnetic energy having a frequency in the Terahertz range, an AFM probe, a sample comprising a dielectric layer, the
dielectric layer having a thickness greater than the radius of the probe tip; and a detector configured to detect energy that has interacted
with the sample.
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SYSTEM AND METHOD FOR
SCANNING NEAR-FIELD OPTICAL MICROSCOPY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional App. No. 63/478,448 filed
January 4, 2023, and to U.S. Provisional App. No. 63/478,453 filed January 4, 2023.

BACKGROUND
Field
[0002] The present disclosure relates generally to scanning near-field optical

microscopy, and, in particular, to apertureless scanning near-field optical microscopy, and,

further, to terahertz near-field optical microscopy.

Description of the Problem and Related Art

[0003] The implementation of near-field studies in the terahertz spectral range has
been an active arca of research. Although these aperture-based techniques have become quite
sophisticated, they are ultimately limited by the physics of the transmission of radiation
through sub-wavelength apertures, which becomes resolving sub-micron-scale features with

terahertz waves (with wavelengths of hundreds of microns or more; | THz ~ 300 pm).

[0004] A significant breakthrough occurred with the introduction of scattering-type
apertureless scanning near-field optical microscopy (s-SNOM) [2]. This technique relies on
the scattering of light from a sub-wavelength-sized metal tip inside an atomic force
microscopc (AFM), which 1s oscillating (tapping) ncar a sample surfacc (but not touching it).
The radiation scattered from the tip-sample system contains information about the dielectric
properties of the nearby surface. The technique can therefore be used [or spectroscopy.
Moreover, since the scattered light intensity is a nonlinear function of tip-sample separation,
ong can filter the signal at a harmonic of the tip’s tapping frequency, such that the extracted
spectroscopic information is characteristic of only the tiny region of the sample directly

underneath the tip. This enables spectroscopic imaging with a spatial resolution determined
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by the size of the metal tip, essentially independent of the wavelength of the incident

radiation.

[0005] Typical of s-SNOM is the use of an Atomic Force Microscope (AFM) which
is a high-resolution type of scanning probe microscope that provides three-dimensional
surface topography 1mages at the nanoscale. The AFM operates by scanning a sharp tip over
the surface of a sample while measuring the interaction forces between the tip and the atoms
on the surface. The heart of the AFM is a tiny cantilever with a sharp tip at its free end. The
tip is typically made of a material such as silicon or silicon nitride and has a radius of a few
nanometers. The AFM tip is brought very close to the sample surface, within a few
nanometers. As the tip scans across the surface, the interaction forces (such as van der Waals
forces, electrostatic forces, and chemical forces) between the tip and the sample cause the
cantilever to bend. A laser beam is typically focused on the back of the cantilever. The
deflection of the cantilever causes changes in the position of the laser beam on a position-
sensitive photodetector. These changes are then used to generate a feedback signal to
maintain a constant force between the tip and the sample, allowing precise control of the tip-
sample distance. The feedback mechanism is used to maintain a constant force as the tip
scans the sample in a raster pattern. The vertical movements of the tip are recorded, and this
mformation is used to construct a topographic image of the sample surface with nanometer-
scale resolution. AFMs can operate in different modes, including contact mode, tapping
mode, and non-contact mode, each offering specific advantages and applications. s-SNOM,
therefore, combines the capabilities of Atomic Force Microscopy (AFM) with near-field
optical microscopy to achieve high-resolution imaging bevond the diffraction limit of

conventional optical microscopes.

[0006] The AFM includes a sharp tip at the end of a cantilever, which is used for
topographic imaging of the samplc surfacc. The AFM tip 1s brought into proximity with the
sample surface, typically within a few nanometers. As the AFM tip scans the sample surface,
it detects the topography with high spatial resolution, providing topographic information.
Simultancously, the sample is illuminated with an optical source, often a laser, which is
focused on the AFM tip. The near-field interaction between the sample and the AFM tip
modifies the optical signals, and the scattering of light is influenced by the local properties of
the sample. The scattered optical signals, which carry information about the near-field optical

properties of the sample, are collected.
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[0007] The AFM and optical signals are detected simultancously, allowing for the
correlation of topographic information obtained by the AFM with the near-ficld optical
properties of the sample. The combination of AFM and near-field optics allows for sub-
wavelength spatial resolution, enabling researchers to obtain detailed images of nanoscale

features and optical properties of the sample.

[0008] However, few studies have considered the possibility of imaging sub-surface
features, situated some distance beneath a transparent (to THz waves) capping layer that is
thicker than the size of the field confinement region near the AFM tip, which is essentially

equal to the tip radius).

SUMMARY

[0009] For purposes of summary, certain aspects, advantages, and novel features are
described herein. It is to be understood that not necessarily all such advantages may be
achieved in accordance with any one particular embodiment. Thus, the apparatuses or
methods claimed may be embodied or carried out in a manner that achieves or optimizes one
advantage or group of advantages as taught herein without necessarily achieving other

advantages as may be taught or suggested herein.

[0010] In a first aspcct, a method for inaging mctallic pattcrns deposited on the
surface of semiconductor materials comprises illuminating an apertureless atomic force
microscopy (AFM) probe with electromagnetic energy having a frequency in the Terahertz
range, where the sample under observation comprises a dielectric layer having a thickness

greater than the radius of the tip of the AFM probe.

[0011] In another aspect, a method 1s disclosed for non-destructive testing using an
AFM probe where the method comprises detecting terahertz electromagnetic energy reflected
from a sample, the terahertz electromagnetic energy originating from a collimated light
source, and the sample includes a dielectric layer with a thickness greater than the radius of
the probe tip, and where the probe tip oscillates at a distance of between about 5 nm and

about 255 nm from said sample.
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[0012] In yet another aspect, an exemplary system for scanning near-field optical
microscopy comprises a collimated light source for emitting collimated light, a
photoconductive antenna for converting collimated light into electromagnetic energy having a
frequency in the Terahertz range, an AFM probe, a sample comprising a dielectric layer, the
dielectric layer having a thickness greater than the radius of the probe tip; and a detector

configured to detect energy that has interacted with the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The disclosed system and method are described with reference to the
accompanying drawings. In the drawings, like reference numbers indicate identical or
functionally similar elements. Additionally, the left-most digit(s) of a reference number

identifies the drawing mn which the reference number first appears.

[0014] FIG. 1 is a diagram of an exemplary system for scanning near-field optical
microscopy (SNOM);

[0015] FIG. 2 1s an 1solated view of showing relationship between an AFM probe tip

and a sample;

[0016] FIG. 3A is a scanning electron microscope image of a sam ple;

[0017] FIG. 3B is an AFM image of the sample of FIG. 3A; and

[0018] FIGs. 4 A through 4D are s-SNOM images using the method disclosed herein.
DETAILED DESCRIPTION

[0019] The various embodiments of the system and method disclosed herein and their

advantages are best understood by referring to FIGs. 1 through 4D of the drawings. The
elements of the drawings are not necessarily to scale, emphasis instead being placed upon
clearly illustrating the novel features and principles of operation. Throughout the drawings,

likc numcrals arc used for like and corresponding parts of the various drawings.
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[0020] Furthermore, reference in the specification to “an embodiment,” “one
embodiment,” “various embodiments,” or any variant thercof means that a particular feature
or aspect described i conjunction with the particular embodiment is included in at least one
embodiment. Thus, the appearance of the phrases “in one embodiment,” “in another
embodiment,” or variations thereof in various places throughout the specification are not

necessarily all referring to its respective embodiment.

[0021] With reference to FIG. 1, an exemplary system 100 for scanning near-field
optical microscopy (SNOM) comprises an atomic force microscope (AFM) 107 that includes
a cantilevered, apertureless probe 113. A light source 101 emits pulsed, collimated light 102,
preferably at a wavelength of 820 nm and a pulse width of approximately 100 fs. Pulsed light
102 interacts with beam-splitter 103 which redirects a portion of pulsed light 102 to a
photoconductive antenna (PCA) 105 which converts pulsed light 102 into radio frequency
(RF) energy 104 in the terahertz frequency range. Terahertz RF energy 104 is directed via
waveguides 119 to probe 113 and sample 109 under observation in AFM 107. A portion of
pulsed light emerges from beam splitter 103 to provide a reference signal 106 which is

directed to a delay line 111.

[0022] FIG. 2 shows probe 113 in isolation above sample 109 separated by a gap 202
from probe tip 205 to the surface of sample 109. In operation, probe 113 is oscillated 206 at a
tapping frequency such that the distance of gap 202 varies between about 5 nm and about 255
nm. Tapping frequency may be about 20 Hz. Sample 109 may comprise substrate 203 which
may include defects in its surface and a dielectric capping laver 201 overlaying substrate 203,
which may be, for example, a silicon wafer. Dielectric layer 201 may comprise, for example,
a silica layer and may be a thickness 204 that in some embodiments 1s greater than the radius
208 of probe tip 205. In another embodiment, thickness 204 is about five times greater than
the radius 208 of probe tip 205. In yct another ecmbodiment, thickness 204 of layer 201 1s

between about 200 nm to about 400 nm.

[0023] For typical AFM, the tip is indeed made of silicon or silicon nitride, a
diclectric, and the apex can be as small as a few nanometers 1n diamcter. But for this terahertz
application, "typical" AFM tips cannot be used. This method must employ metal tips. Any
metal tip may be used, but in a preferred embodiment, tips may be composed of a platinum-

iridium alloy. Also, the conventional AFM tip is pyramidal shaped, but this places the
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cantilever arm too close to the sample surface such that the terahertz beam is blocked from
reaching the surface by the cantilever itself. Therefore, the conical tip needs to be at the end
of arelatively long (like 80 micron) cylindrical shank, so that the cantilever which holds it is
farther away from the sample surface. In this system 100, probe 113 may have between about
80 to about100 micron shanks, and with that taper down to a tip of about 20 nanometers

minimum size.

[0024] Referring again to FIG. 1, terahertz energy 104 is directed to probe 113, and in
particular, to probe tip (FIG. 2: 205) whereupon energy 104 is scattered toward sample 109.
Reflected energy 112 is collected by waveguides 119 and directed to electro-optical sampler
117 for detection and analysis. At the same time a portion of collimated light exits beam-
splitter 103 as reference signal 106 which is directed to a delav line 111 providing an optical
signal 108 to electro-optical sampler 117 where it is modulated by reflected energy 112. A

modulated detected signal 114 is conveyed to lock-in amplifier 115.

[0025] AFM 107 also provides a demodulation signal 110 which is the reference for
the lock-in amplifier 1 15. Demodulation signal 110 includes data regarding the tapping
frequency of the AFM 107 cantilevered probe 113, or a multiple of it. AFM 107 supplies a
signal which is the position of the cantilevered probe 113 vs. time, and which therefore
oscillates at the mechanical resonance of the cantilever, which is approximately 20 kHz in
this case. Demodulation signal 110 can also provide signals at multiples of this frequency
(1.e., approximately 40 kHz, 60 kHz, etc), which are referred to as the “harmonics™ of the
tapping frequency. Lock-in amplifier 115 demodulates detected signal 114 at one of these
harmonic frequencies. by providing this as the reference frequency for the lock-in. Most often
the 2™ harmonic which is near 40 kHz is used. Exact values of these frequencies are

determined by the precise mass of the cantilever, and are not fundamental to the method.

[0026] A program of experimental study was conducted of well characterized and
controlled samples consisting of transistor devices fabricated on one side of a thinned silicon
wafer (with various different thicknesses), together with a computational effort directed
towards the development of a numerical model for quantitative extraction of material
parameters of the buried structures. The possibility was explored that the incident THz field,

plasmonically enhanced through near-field interactions with the extended metal AFM tip,
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may be large enough to perturb the local carrier density in the semiconductor underneath the

tip, leading to a measurable effect on the electrical propertics of the nearby silicon device.

[0027] The feasibility of obtaining near-field spectroscopic images through a low-loss
high-dielectric layer was investigated. A typical sample consisted of a series of well-spaced
transistor structures, with known spatially varying doping profiles, fabricated on one side of a
high-resistivity Si wafer which 1s then subsequently thinned to a desired thickness. Samples
were probed using s-SNOM methods from the thinned back side of the wafer. The strength of
the scattered THz near-field signal and the lateral spatial resolution, as a function of the
thickness of this dielectric layer, over a range of thicknesses from 0.1-1 micron were
determined. When possible, images of the transistor structures were formed using both of
these measurement parameters, employing the 2D scanning capabilities of the AFM stage.
Spectroscopic information was mvestigated m an attempt to extract quantitative measures of

local doping density at each pixel of these images.

[0028] Fig. 3A shows a scanning electron microscope (SEM) image of a portion of
one such sample. FIG. 3B is an atomic force microscope (AFM) topography image of a small
portion indicated by the box shown. The topography highlights three metal vias 301a-c
protruding from the Si02 surface, with an average distance above the (otherwise featureless)

background of roughly 45 nanometers.

[0029] The corresponding THz reflection images, for four different harmonic
demodulation orders, are shown in Fig. 4A — 4D. Here, one can clearly see three underlying
vertical metal lines 401a-c which are only faintly visible in the SEM image of FIG. 3A, and
do not appear at all in the AFM topography of FIG. 3B, because they are buried under a silica
cap layer. Subsequent analysis of this sample indicated that this cap layer is roughly 200 nm
thick, about a factor of 5 larger than the radius of the AFM tip. This key experimental result
establishes that the aperturcless THz near-field imaging technique can indeed be used to
study buried features, while preserving the nanoscale spatial resolution, despite the
conventional wisdom that the confined near field extends only about one tip diameter away
from the end of the AFM tip.

[0030] As described above and shown in the associated drawings, the present

invention comprises a system and method for scanning near-field optical microscopy. While
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particular embodiments have been described, it will be understood, however, that any
invention appertaining to the system and method described is not limited thereto, since
modifications may be made by those skilled in the art, particularly n light of the foregoing
teachings. It is, therefore, contemplated by the appended claims to cover any such
modifications that incorporate those features or those improvements that embody the spirit

and scope of the invention.
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WHAT IS CLAIMED IS:
1. A method for imaging metallic patters deposited on a surface of semiconductor
materials, said method comprising:
illuminating an apertureless atomic force microscopy (AFM) probe with
electromagnetic energy having a frequency in a Terahertz range, said probe
having a probe tip, said probe tip having a radius, wherein said
electromagnetic radiation 1s redirected onto a sample, said sample comprising
a dielectric layer having a thickness greater than said radius; and
detecting said electromagnetic energy that has interacted with said sample.
2. The method of Claim 1, wherein said thickness of said dielectric laver is at least five
times greater than said radius.
3. The method of Claim 2, wherein said thickness is about 200 nm to about 400 nm.
4 The method of Claim 1, further comprising oscillating said probe tip such that said
probe tip 1s between about Snm and about 255 nm from said sample.
5. The method of Claim 4, wherein said thickness of said dielectric laver is at least five
times greater than said radius.
6. The method of Claim 5, wherein said thickness 1s about 200 nm to about 400 nm.
7. A method for non-destructive testing using an AFM probe, the probe having a probe
tip, the probe tip having a radius, the method comprising the steps of:
detecting terahertz electromagnetic energy reflected from a sample, said terahertz
electromagnetic energy originating from a collimated light source, said sample
having a dielectric layer with a thickness greater than said radius, and wherein
said probe tip oscillates at a distance of between about 5 nm and about 255 nm
from said sample.
8. The method of Claim 7, wherem said thickness is about 200 nm to about 400 nm.
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9. A system for scanning near-field optical microscopy comprising:
a collimated light source for emitting collimated light;
a photoconductive antenna for converting said collimated light into electromagnetic
energy having a frequency in a terahertz range;
an AFM probe, said probe having a probe radius;
a sample comprising a dielectric layer, said diclectric layer having a thickness greater
than said probe radius; and
a detector configured to detect energy that has interacted with said sample.
10.  The system of Claim 9, wherein said thickness is about 200 nm to about 400 nm.
11. The system of Claim 9, wherein said probe 1s configured to oscillate at a distance of
between about 5 nm and about 255 nm from said sample.
12, The system of Claim 11, wherem said thickness 1s about 200 nm to about 400 nm.
13. The system of Claim 9, wherein said thickness of said dielectric layer is at least five
times greater than said radius.
14. The system of Claim 9, further comprising a demodulator for demodulating a detected
signal received from said detector.
15.  The system of Claim 14, whereimn said thickncss 1s about 200 nm to about 400 nm.
16. The system of Claim 15, wherein said probe is configured to oscillate at a distance of

between about 5 nm and about 255 nm from said sample.
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