Microfabricated Near-field Scanning Microwave Probes
Yaqiang Wang and Massood Tabib-Azar

Department of Electrical Engineering and Computer Science
Case Western Reserve University, Cleveland, Ohio 44106
(e-mail: tabib-azar@po.cwru.edu)

Abstract

Design, microfabrication and characterization of co-axial
microwave tips compatible with commercial atomic
force microscope (AFM) are discussed. Simultaneous
microwave and AFM images of materials, cells and
devices, obtained using these tips, reveal interesting
“inner” structures undetectable using AFM alone, The
near-field microwave co-axial tips are capable of
performing measurements both in reflection (R} and
transmission (T) modes. R/T capability enable them to
map the microwave conductivity/permittivity of objects
or image electromagnetic near-field radiation patterns
near active devices or through various objects over a
wide frequency range of 0.5-20 GHz with possible
extensions up to 100 GHz.

Introduction

Local scanning probes such as scanning tunneling
(STM), scanning capacitance (SCM), near-field scanning
optical (NSOM), and atomic force microscopes (AFM)
have become important tools in imaging of materials
with near atomic resolution [1]. These probes, however,
either operate with low frequency signals (<1 GHz) or
they operate in the optical regime (figure 1). The
purpose of the present study was to design and fabricate
co-axial near-field microwave probes [2-8] compatible
with AFM, to bridge the frequency gap that currently
exist in local probe microscopy.

Applications of near-fleld scanning microwave
imaging (NSMI} probes are far reaching and include
novel magnetic resonance imaging with very high spatial
resolution and 3-D imaging of organic molecules [9).
Scanning microwave probes are also suitable for
nondestructive surface imaging and subsurface
characterization of materials over a wide frequency
range.

In the device research areas, the NSMI can be used
to map the microwave properties of various regions of a
device under the actual operation conditions with
parameters including operation frequency and dc
biasing. [n the biological areas, the penetration of
microwave signal inside cells or other relevant biological
materials, enable imaging organelles and internal
structures that remain undetectable in topographical
AFM imaging or scanning electron microscopy (SEM)
that owing to its 5-30 kV electron energy damages the
structure during imaging. Non-ionizing, low energy
NSMI enables imaging these internal structures without
damaging the delicate membranes and tissues and inside
buffer solutions.

The present work describes design, fabrication and
characterization of AFM-compatible near-field co-axial
microwave probes. The ability to perform microwave
and AFM measurements simultaneously is quite
valuable and it enables AFM topographical images to
provide a reference landscape to understand and interpret
the microwave images. The AFM standoff compensation
mechanism also enables construction of microwave
images that truly reflect the microwave property maps
avoiding standoff artifacts.
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Figure I  Frequency spectrum for different scanning techniques. STM, AFM and related techniques (such as

MFM, SCM, etc.} all operate near dc and below 1 GHz. Between these techniques and NSOM there is a very
large frequency gap. The scanning near-field microwave microscopy fills this gap and provides a methed to
image the complex permittivity function of materials, devices and biological objects.
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Near-Field Microwave Co-axial Probes

Design. Dimensions, and the probe tip geometry were
all chosen to yield cantilever beams compatible with
commercial AFM tips [5]. Rectangular as well as V-
shaped beams (see figurel) were designed. The effective
Hooke’s constants in the range of 0.1-10 N/m were
targeted resulting in resonant frequencies of 10-100
KHz.

The waveguide had a co-planar geometry over the
V-shaped beam arms that connected 100 X 100 pm’
pads to the co-axial tip with conical shape. The co-planar
secticn was designed to have 50 Q characteristic
impedance. The 10-um high co-axial conical tip region
was designed to have a very narrow opening of around
100 nm to expose a tip apex of around 10-nm apex.

Fabrication. The starting substrate was a 4-inch double
side polished silicon on insulator (SO wafer with 10-15
um device layer, 1 um buried oxide layer, and a 400 um
handle layer. Both the Si device layer and the handle
layer were p-type with (100} orientation. Over 300 probe
chips were fabricated per wafer. The main fabrication
steps are shown in figure 2.

After a RCA cleaning step, the SOI wafer was
thermally oxidized in the furnace at temperature of 1200
°C to grow 1 pm thick SiQ, film. The photolithography
#1 defined circular patterns for Si tip etching. Next, the
exposed thermal oxide was etched away by buffered
oxide etch (BOE). Then, plasma etching was performed
to form conical Si tips. SFg was the main etching gas to
undercut the oxide-resist mask to form blunt conical
silicon tips (figure 2a, also see figure 3a for SEM photo).

Si tips (~10 nm) were then obtained (figure 3b)
using thermal oxidation sharpening method. The
mechanism is based on oxidation inhibition at regions of
high curvature. The growth rate at the apex of the tips is
lower than other regions. Therefore, Si tips become
sharper after thermal oxide removal [5]. Next,
photolithography #2 exposed tip regions that were made
conductive by a boron ion implantation. The ion
implantation was performed with a dose of 5E16
ions/em® at 60 KeV (figure 2b). The aluminum
waveguide formed ohmic contact to these highly
conductive tips.

To form the waveguide (see figure 3d for SEM
photo), a 5000 A-thick aluminum was sputtered at the
pressure of 1E-7 Torr. The metal waveguide was defined
by photolithography #3 and patterned by aluminum wet
etch (figure 2c¢). Low-pressure chemical vapor
deposition (LPCVD) was then used to deposit a 3000 A
layer of low temperature oxide (LTO) at 450 °C and at
350 mTorr. The 3000 A LTO layer acted as an isolation
layer between the metal waveguide and the co-axial
metal shield layer at the tip region (figure 2d). Next, a 1-
2 um layer of aluminum was sputtered and patterned by
photolithography #4 to form a metal shield layer.
Photolithography #5 was used to pattern the LTO layer

after wet etching of the metal to expose the underneath
metal waveguide (figure 2e and figure 2f).

Co-axial Tip Fermation. A “tip exposure” step was
developed and used to open the top aluminum layer over
the sharpened Si apex to form a co-axial tip (see figure
3c for SEM photo). First, thick (8-10 pm) photoresist
AZ 9260 was spun to achieve uniform coating on the
wafer. Next, a photoresist plasma stripper M4L was
utilized to etch photoresist to the extent that the
aluminum coated tip was barely exposed. The tip
exposure was controlled by tuning the parameters of the
plasma photoresist stripper. The aperture in the
aluminum shield layer was opened using metal wet etch.
Then, the conductive bare Si tip was exposed by a LTO
etch step to achieve the co-axially shielded tip structure
(figure 2g). The photoresist was removed before a new
layer of thick photoresist was coated to protect the co-
axial tip in the next photolithography step.
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Figure 2 Process flow of the probe fabrication. See the
text for explanation of important steps shown here.

Si anisotropic plasma etch was done after
photolithography #6 to form a V-shaped cantilever beam
thickness of 5 pm (figure 2h also see figure 3d for SEM
photo). Thick photoresist was spun again to protect the
front side of the device layer before the backside of the
handle layer goes to the last photelithography step.
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Double side alighment was used to define the backside
DRIE region to release the V-shaped cantilever beam.
The exposed backside Si regions were etched in a DRIE
system from STS {Gwent, UK) until reaching the buried
oxide layer. This system provided etching selectivity
between Si and SiO; of 150:1, and selectivity between Si
and photeresist of 75:1. Finally, the microwave probe
was released by oxide etch and photoresist strip (figure
2i).

Figure 3 SEM photos of the fabricated co-axial tip.
(a) Conical silicon tip. (b) Conical silicon tip after
oxidation sharpening. {c) Co-axially shielded silicon tip.
(d) The released V-shaped silicon beam with co-axial
tp.

Characterization. A commercially available AFM
platform was used for the measurement of the properties
of the micro-fabricated microwave probe. Figure 4
shows the normalized mechanical oscillation spectrum
of our fabricated probe. For comparison, we have also
included the osciliation spectrum of a commercially
available non-contact metallic tip. The quality factor of
our resonator js 3 time better and its other mechanical
parameters are: effective Young’s modulus = 1550 GPa,
Hooke’s constant =1 N/m, and resonant frequency =100
KHz.

The electrical characterization was performed using
a HP 8721C network analyzer to measure the input
reflection coefficient S,y with and without a sample near
the tip. Figure 5 shows the reflection (5;,) spectra of our
tip in air and over a metallic sample. The tip was
designed to have 50 Q characteristic impedance around
2 GHz.

Microwave/AFM Images. Results using simultaneous
AFM and microwave imaging at 1-20 GHz to study
internal structures in biological cells is shown in figure
6. Tt can be seen that the cell nuclei can be easily

detected under cell membrane using the microwave
signal while the AFM image only reveals the cell
topography. The spatial resolution of the probe at 1.8
GHz was around 10 nm and its permittivity resolution
(Ag/e) was around 107,
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Figure 5 Reflection (|S,,]) spectra of tip in air (top) and
over a metallic sample (bottom). There is a large
sensitivity to the metallic (Au) sample around 5 GHz.
Transmission spectra was also obtained but not shown
here.

Currently we are in the process of designing our
third generation tips with asymmetric stripline
waveguide geometry to shield the arms of the probe
from sample. We are also experimenting with carbon-
nanotubes grown over the tip apex as shown in figure 7.
This approach has the advantage of providing sharper
tips (single wall carbon nanotubes have diameter as
small as 3 nm) and tips grown in a trench that may
contain the terminal point of the active waveguide. This
can be used to achieve smaller aperture with simplified
fabrication steps.
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Figure 6 AFM and reflected microwave/AFM images of breast cancerous cells grown on a glass substrates. The
AFM image shows topography of the cell. The microwave images (1.8 GHz) show both the dense cell nuclei and
the membrane contours depending on whether the amplitude or phase signal is used.

Moreover, carbon nanotubes [10] probably offer the
best and highest frequency mechanical resonators for a
variety of applications including chemical sensing
{micro-balance) and communication (mechanical filters,
etc.).

Figure 7 Carbon nanotubes grown over the co-axial tip.

We acknowledgement supports from AFOSR, NSF and
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