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Nondestructive superresolution imaging of defects and nonuniformities
in metals, semiconductors, dielectrics, composites, and plants
using evanescent microwaves

M. Tabib-Azara) and P. S. Pathak
Electrical Engineering and Applied Physics Department, Case Western Reserve University,
Cleveland, Ohio 44106

G. Ponchak
NASA Lewis Research Center, Cleveland, Ohio 44135

S. LeClair
Air Force Research Laboratory, Materials and Manufacturing Directorate, Wright–Patterson
Air Force Base, Ohio 45433

~Received 24 September 1997; accepted for publication 23 February 1999!

We have imaged and mapped material nonuniformities and defects using microwaves generated at
the end of a microstripline resonator with 0.4mm lateral spatial resolution at 1 GHz. Here we
experimentally examine the effect of microstripline substrate permittivity, the feedline-to-resonator
coupling strength, and probe tip geometry on the spatial resolution of the probe. Carbon composites,
dielectrics, semiconductors, metals, and botanical samples were scanned for defects, residual
stresses, subsurface features, areas of different film thickness, and moisture content. The resulting
evanescent microwave probe~EMP! images are discussed. The main objective of this work is to
demonstrate the overall capabilities of the EMP imaging technique as well as to discuss various
probe parameters that can be used to design EMPs for different applications. ©1999 American
Institute of Physics.@S0034-6748~99!00406-2#
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I. INTRODUCTION

Evanescent fields have been used to resolve feat
smaller than the classical Abbe´ limit. Both evanescent opti-
cal waves and microwaves have been used in high-resolu
imaging to resolve features several times smaller than
wavelength of radiation.1–10We have shown that it is exper
mentally possible to obtain a lateral resolution of around
mm at 1 GHz operating frequency8 using a tapered micros
tripline resonator with a fine wire tip. This lateral spati
resolution was 200 times better than our first repor
resolution.6 According to our estimations, 0.01mm resolu-
tion imaging using high frequency evanescent microwa
probes~EMPs! operating at 10 GHz is possible.7

Evanescent fields are used in other frequency regime
well.11–15Near-field scanning optical microscopes~NSOMs!
use evanescent fields to provide resolution on the orde
10–100 Å using light of 6000 Å wavelength.11 Atomic reso-
lutions are achieved by using evanescent electron wave f
tions in scanning tunneling microscopy~STM!.14 Bethe was
the first to use microwave evanescent fields to calculate
coupling coefficient of waveguides connected by a h
much smaller than the wavelength.1 Several other experi
ments have demonstrated microwave near-field scanning
croscopy, achieving resolutions of several thousandths
wavelength.5,10 These fields have been produced at the e
of a coaxial resonator5 by drilling a small hole in a
waveguide1,10 or at the end of a coaxial line.

a!Electronic mail: mxt7@po.cwru.edu
2780034-6748/99/70(6)/2783/10/$15.00
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Evanescent microwaves complement electronic and
tical microscopes in the range of 0.01mm–1 cm. The advan-
tage of microwaves is their ability to image subsurface f
tures in poorly conducting materials, and bulk properties d
to greater penetration depth in insulators. Large scale m
ping of uniformities in materials can be performed by th
method. Since it is a noncontact, noninvasive, and non
structive method, it will be very useful in the semiconduct
fabrication environment.

Microwaves have some advantages over ultrasonic t
ing of insulators. Electromagnetic waves have relatively h
transmission coefficients across solid-air boundaries in c
parison to ultrasound. Also, the ultrasound absorption co
ficients for dielectrics are much higher than those
microwaves.16 Additionally, the piezoelectric effect used i
ultrasonic testing diminishes at higher temperatures. Mic
wave testing, on the other hand, is noncontact and is idea
high temperature testing in most materials. Thus, with mic
waves we can scan hot and moving objects. Moreover, t
ing can be done in air, liquid, or vacuum with suitable pro
characterization and essentially no sample preparation is
quired.

Characterization by microwaves is not limited to co
ducting or semiconducting media, making it a very versa
tool and useful for looking at a wide range of materials. W
have experimented with samples covering the entire cond
tivity range ~metallic to insulating! including biological
specimens. Table I gives a comparison of some commo
used characterization techniques. It shows the versatility
evanescent microwaves in being useful for a wide range
3 © 1999 American Institute of Physics
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TABLE I. Comparison of some common methods for material characterization using the evanescent mic
microscope.

Method Resolution Conductivity limits Comments

Optical
microscopy

1–10 nm No requirements
on conductivity

For high resolution the probe needs
to be a few nm from the sample; a
250 mm3250 mm scan takes
30 s

Scanning
electron
microscopy

100 nma Limited to
materials that are
conductive

Vacuum sample preparation;
charging on nonconductive samples can
be avoided by using a thin metal
layer; expensive instruments

Scanning
tunneling
microscopy

Atomic levela Good electron or
ionic conductivity
required

No free electrons involved so can
be conducted in air/liquid/vacuum;
field of view of only a fewmm2;
300 nm3300 nm area scan takes
10 min

Atomic
force
microscopy

Crystallized hard
material: atomic
biological: 2 nmb

No requirements
on conductivity

Surface preparation required;
both contact and noncontact
methods exist

X ray 5 mm ~sub-mm
with synchrotron!c

No limitations Poor sensitivity to the surface.
Sample preparation required.
Expensive and huge equipment

Ultrasonics Order of 1 mmd No requirements Intimate coupling required due to
poor transmission over boundaries;
not useful at high temperatures

Eddy
current

50 mme Sample should be
conducting

Cannot detect planar cracks in the
plane of the eddy; complicated coil
designs for some applications

Evanescent
microwave

;0.4 mm–1 cmf Penetration depth
limits bulk
probing in metals

Good for large scale mapping; hot
and moving samples can be
imaged; no sample preparation;
can be used in air/liquid/vacuum.

aReference 14. dReference 16.
bReference 15. eReference 18.
cReference 17 fReferences 6–9.
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conductivity. Large scale mapping of materials with a re
lution of up to 0.01mm is possible with evanescent micro
waves by using higher frequencies of operation. Meth
with higher resolution than this have the disadvantage
being incompatible for detecting large-scale inhomogenei
over large areas.

Our research in evanescent microwave imaging has c
centrated on using microstriplines~shown in Fig. 1!,
striplines,7 and other two-dimensional waveguide structur9

that have the following unique advantages.
~a! The resolution of the EMP can be engineered ove

wide range by using different microwave substrate thi
nesses and dielectric constants, tapering angles, feedlin
resonator coupling strengths, and various apertures in a
tion to frequencies. We discuss some of these des
parameters in Sec. II.

~b! EMP can be integrated with silicon micromachin
parts to produce miniature parallel and compact probes.

The main objectives of the work reported here are
discuss some of the probe parameters that can be use
improve the probe’s resolution in a given application. W
report new experimental data taken on organic and inorg
materials with conductivities ranging from metallic to ins
lating. These images show the versatility of the EMP and
potential application in many seemingly unrelated areas s
as cancerous tissue research, bone studies, nondestru
testing of airplane parts, imaging of defects and nonunif
ct 2001 to 128.156.10.11. Redistribution subject to A
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mities in composite materials, imaging moisture and ot
variations in botanical samples, and imaging impurities a
residual stress in semiconductors.

FIG. 1. ~a! Microstripline resonator and probe assembly. Evanescent wa
extend out of the tapered tip of the resonator.~b! The magnetic dipole probe
is modeled as a microstripline with a short length of current carrying w
The electric dipole probe is shown in~a!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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II. EXPERIMENTAL PROCEDURE

The experimental setup used in the present work
shown in Fig. 2 and it is similar to the setup previous
reported.6 It consists of a microwave resonator coupled to
feedline, shown in Fig. 1, which is connected to a circulat
The circulator is also connected to a 0.01–1.05 GHz sig
generator and to a crystal microwave detector. The dete
output is a dc voltage proportional to the magnitude of
reflected wave. This is fed to an amplifier and thence t
lock-in amplifier. The probe is mounted vertically over a
x–y stage@Fig. 2~b!#. Thex–y state and the frequency gen
erator are controlled by a personal computer. The comp
also acquires data from the lock-in amplifier.

The resonator spectra were obtained using an autom
network analyzer~HP 8712!. The network analyzer was als
used in the characterization, design, and tuning of the mi
wave probe.

Figure 3 shows the shift in the experimental resona
frequency with a copper plate placed near the probe tip. B
the resonance frequency and the quality factor depend on
conductivity of the sample located near the tip.6–9 We use
these dependencies to characterize materials. In m
samples defects and stresses can locally change the co
tivity, and hence can be detected by the microwave probe
the case of semiconductors the probe output can be affe
by variations in carrier density, interface trap density, d

FIG. 2. ~a! Schematic of the experimental setup.~b! The probe housing and
the x–y–z scanner arrangement.
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fects, the presence of mobile or fixed charges, grain bou
aries, and variations in film thickness. In an earlier wo
changes in the reflection coefficient amplitude as a funct
of microwave frequency and carrier concentration in Si ha
been reported.6 For composites, their mechanical, chemic
and physical properties influence a change in the permitti
of the material and can be detected as a change in the re
tion coefficient. In magnetic materials~ferromagnets, etc.!
the variations in the permeability can be detected. These
discussed in Sec. V. We discuss the probe parameter ne

III. PROBE PARAMETERS

The EMP, as shown in Fig. 1, consists of a resona
fabricated on Duroid substrates. The resonator is couple
a short feedline by an interdigitated coupling capacitor. T
capacitor can be varied to tune the coupling to the resona
The top of the resonator is tapered to localize the evanes
fields. The spatial extension of these fields, shown inside
circle in Fig. 1~a!, determines the resolution of the probe.

Figure 4 shows the current density distribution at 0.
GHz ~near resonance! determined using the full-wave analy
sis ~using SONNET! of the stripline EMP with a perfec
metallic strip @Fig. 4~a!# and a resistive sample@Fig. 4~b!#
located in its vicinity. In the resistive sample, the large c
rent densities are concentrated at the region closer to
probe tip as expected. Regions in the sample with consi
able current densities dominate the probe–sample inte
tion. From Fig. 4 it is clear that the interactions are localiz
in the vicinities of the probe tip regions, indicating the orig
of the high spatial resolution of the EMP. The main que
tions that one encounters in designing planar EMPs that
based on resonators are

~1! type of waveguide and resonator configuration,
~2! substrate and waveguide parameters,
~3! probe configurations and tip geometry, and
~4! frequency of operation.

Different planar waveguide configurations include m
crostripline, stripline, and coplanar. We discussed the st
line EMPs in Refs. 6–8 and coplanar EMPs are presente

FIG. 3. The presence of a copper plate close to the probe shifts the res
frequency by 2.4 MHz.DS11 is the change in the probe’s output atf op .
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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Ref. 9. Different resonator structures of importance in o
applications include linear and ring~circular! resonators. The
bulk of our work has dealt with linear microstripline reson
tors, an example of which is shown in Fig. 1. We will discu
ring resonators in a future publication.

Substrate parameters include thickness and permittiv
Substrate thickness and its permittivity directly affect t
microstripline’s capacitance per unit length~C!. Linewidths
affect the resonator’s inductance per unit length~L!. Our
probes were designed to have 50V characteristic impedanc
at resonance. To keep this impedance fixed at 50V
(5L0.5/C0.5!, high substrates permittivities resulted in na
row linewidths.

The waveguide parameters include linewidths a
feedline-to-resonator coupling strength. These are discu
in detail later.

The probe tip is usually tapered to confine the elect
magnetic fields to improve the probe’s resolution~Fig. 1!. A
fine wire can also be attached to the tapered end of the p
to reach higher spatial resolutions. When the fine wire tip
terminated in the free space, an electric dipole probe res
@Fig. 1~a!#. Alternatively, if the fine wire forms a loop and i
terminated at the ground plane of the resonator, a magn
dipole probe results@Fig. 1~b!#. Electric probes have rela
tively high impedances and they are better suited to the c
acterization of insulators and semiconductors. On the o
hand, magnetic probes have lower impedances and are b
suited to the characterization of metals and low-resistiv

FIG. 4. ~a! Current density distribution in a stripline probe with a tapered
located near a perfect metallic sample.~b! Current density distribution in a
stripline probe with a tapered tip located near a resistive metallic sam
with 16.77V/sq resistivity. The stripline probe in these simulations had
mm dielectric (e r54) superstrate and a 1 mmdielectric (e r54) substrate.
Its characteristic impedance was designed to be 50V at resonance.
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materials. An aperture can also be used to confine the fi
at the probe tip.

The frequency of operation determines the resona
size, field distributions at the probe tip, and the penetrat
depth of these fields in materials~the so called ‘‘skin
depth’’!. At lower frequencies, the fields have higher spat
extensions at the tip~the decay length of the field is directl
proportional to the square root of wavelength! and their pen-
etration depth is larger in conductors~the skin depth is di-
rectly proportional to the wavelength0.5!. The trade-off is
smaller resolution and larger resonator and probe size
lower frequencies.

We have used a variety of substrate materials includ
Duroid, SiO2, Si3N4, and high-resistivity Si. Duroid sub
strates offer a wide range of relative permittivities and thic
nesses.

Higher permittivity substrates resulted in smaller lin
widths of the microstripline for 50V characteristic imped-
ance and have higher spatial resolutions. This was exp
mentally verified as shown in Fig. 5.

Figure 5~a! shows the decay in the reflection coefficie
with distance for the electric dipole probe for circuits o
substrates with two different permittivities. The near-fie
decay characteristic length for the probe with substrate r
tive permittivity of e r510.8 is approximately 60mm, while
it is 400 mm for e r52.2. The near-field decay characteris
length for the probe is measured from the falloff in the pro
response as it is moved away in thez direction ~Figs. 1 and
2!. In these measurements, the resonator tip was not tape

In the case of the magnetic dipole probe there is
much difference between different substrates, as show
Fig. 5~b! because the probe is essentially a small loop of w
driven by the microstripline resonator. The current in t
loop generates the magnetic field that interacts with
sample. Substrates with different dielectric constants do
appreciably affect the profile of this magnetic field. Th
slight difference between the decay constants that is
served in Fig. 5~b! is primarily due to the difference in thick
ness of the different substrates that results in a different
loop.

The spatial decay length~equivalent to the vertical spa
tial resolution! was shorter in the case of the magnetic dipo
probe compared to the electric dipole probe when the s
strate permittivity was low@Fig. 5~c!#. On the other hand
when the substrate permittivity was large, the electric dip
probe had a smaller decay length than the magnetic dip
probe@Fig. 5~d!#.

The coupling strength changes theQ of the resonator,
Fig. 6. Overcoupled resonators have poorQ, this being the
reason for their lower dynamic range. For resonators w
equalQ, the larger the shift in resonant frequency when
sample is brought in from infinity the larger the dynam
range. Experiments show that, for resonators made on
smaller permittivity substrate, undercoupling provides
greater shift in the resonant frequency than critical coupli
This makes undercoupled resonators on smaller permitti
substrates a better choice for imaging at larger distan
This is reasonable because for lower permittivity substra
the fields extend out to a larger area. However, for circuits

le
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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FIG. 5. Comparison of decay characteristics for a critically coupled~a! electric dipole probe and~b! a magnetic dipole probe on Duroid with two differen
permittivities. Comparison of the decay characteristics for the critically coupled electric and magnetic dipole probes on two different substrates wi
permittivities of ~c! 2.2 and~d! 10.8.
na
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ths

-
d

lly
the larger permittivity substrate the critically coupled reso
tor provides a larger dynamic range. So for resolving sm
features the critically coupled probe on a high permittiv
substrate is better.

FIG. 6. Effect of coupling on theQ of the resonator. PoorQ for the over-
coupled resonators reduces the dynamic range of the probe output.
Downloaded 09 Oct 2001 to 128.156.10.11. Redistribution subject to A
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Figure 7 shows the decay characteristics for elec
probes with resonators that have different coupling streng
fabricated on substrates withe r52.2. The results were simi
lar in substrates with higher permittivities. Both critical an

FIG. 7. Decay characteristics of the EMP for under, over-, and critica
coupled electric dipole probe.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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undercoupling provide a larger dynamic range for change
probe-to-sample distance. The overcoupled resonator is
good in comparison. The critically coupled resonator
Duroid of e r52.2 is good for longer ranges, with a chara
teristic decay length of about 500mm.

Although probes on Duroids with 10.8 relative perm
tivity have higher spatial resolution, the losses are somew
higher due to their smaller linewidths. Therefore most of
probes that were used in our work had 2.2 and 5.5 rela
permittivity Duroid substrates. As discussed in Ref. 8,
achieved 0.4mm lateral spatial resolution by tapering th
probe tip~approximately 60° taper angle! and by using a fine
wire ~wire diam525 mm with a tip smaller than 0.1mm!
attached to the tapered probe. The wire tip was scanned
very small tip-to-sample distance over a polysilic
sample.7,8 The probe resolution in the lateral directions
directly determined by the field profiles at its tip while i
depth resolution is limited to the penetration depth of fie
in the material that is being scanned.

Figure 8 shows a linescan of wire tip with 125mm di-
ameter over a wire of the same diameter. The resulting lin
can has a 125mm full width at approximately 0.68 of its
minimum. The linescan shown in Fig. 8 has three differ
parts;~i! a linear region~1!, ~ii ! a steep region~2!, and~iii !
an exponentially varying region~3!. Over region~1! the sig-
nal is mainly affected by the overlap of the wire tip area a
the sample area. As this overlap becomes smaller, the s
changes accordingly. The dependence of the wire ove
area on the distance between the center of the two cylind
wires ~probe wire and the sample wire! is approximately lin-
ear. The steep region~2! occurs when the overlap area b
comes zero. At this point in the scan, the coupling capa
tance between the wire tip and the sample wire is only du
the fringing fields. The exponentially varying region~3! is
due to the near-field interaction between the probe and
sample. The decay characteristic length of this region is
proximately 150mm. In some probes, region~2! is absent.
Figure 8 clearly indicates that the resolution of this probe
limited by the diameter of the wire.

IV. SAMPLE PARAMETERS

The probe output is determined by many different p
rameters including the frequency of operation, the probe

FIG. 8. Linescan over the top surface of a wire with a 125mm diameter. In
this scan a small piece of wire with a 125mm diameter was attached to th
EMP to improve its resolution.
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sample distance, and the electromagnetic properties of
sample. The probe-to-sample distance dependence is
problematic in situations where the sample nonuniformiti
and not its topography, is to be mapped. The frequency
operation is usually set at a fixed value that correspond
the maximum probe sensitivity and approximately line
probe response as shown in Fig. 3. The probe output de
dence on the distance and the sample’s electromagnetic
rameters is derived and thoroughly discussed in Ref. 6.
recent article we have also extended our previous studies
presented a circuit model and calculated the theoretical
tial and conductivity/permittivity resolution of various prob
configurations.7

It is possible to model the response of the probe
sample resistivity using simplified circuit parameters, sho
in Fig. 1~a!. The sample has an impedance, which would
zero for perfect conductors and (11 j )Rs for semiconductors
and imperfect conductors. The characteristic impedanc
(m/e)0.5 for lossless dielectrics and it can be approximated

Am

e H F12
3

8 S e9

e8D
2G1 j

e9

2e8J
for lossy dielectrics. Heree82 j e9 is the complex permittiv-
ity, and e8/e9 is assumed to be much less than 1. It is a
well known that the variations in the local conductivity o
the sample can be due to variations in carrier concentrati
thickness of the films, defects, interface traps, stresses,
purities, and moisture content. The permittivity can vary d
to local variations in atomic polarizability.

The change in probe output with resistivity is shown
Fig. 9. The four-point probe resistivity of different sampl
was measured and the evanescent microwave probe outp
f op51.014 GHz ~center frequency of 1.011 GHz!, corre-
sponding to these points, is plotted versus the resistivity.
probe output falls with an increase in resistivity. The mag
tude and sign of the slope of probe output versus sam
resistivity will depend on the operating frequency and
location with respect to the center frequency on the re
nance curve.

FIG. 9. Evanescent microwave probe output as a function of resistivity
the sample. The direction of change of the probe is output with resisti
depends on the relationship of the operating frequency with the center
quency of the resonator.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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V. MATERIAL CHARACTERIZATION

We have imaged samples with a wide range of cond
tivities. The results of our scans over dielectrics, semic
ductors, metals, and biological specimens are discussed
low. The experimental data presented here have b
obtained from two-dimensional scans over the samples.
ter being acquired the data were deconvolved with the fi
profile at the tip of the probe. Then this was pseudocolo
by assigning the continuous voltage ranges a red, green,
blue ~rgb! color.

The field profile was estimated by using the linescan
Fig. 8 as follows. The ‘‘spreading’’ in the wire’s profile in
our scan was due to the interaction of the evanescent fi
with the wire. The algorithm for the discrete deconvoluti
was developed using a simple observation that the sign
any point on the sample is affected by the residual inter
tion of the evanescent fields with the adjacent neighbor
points. Knowing the evanescent field profile, the total con
bution to the signal at any point from its nearest neighbor
estimated and subtracted from the raw signal at that po
This process was repeated for every point and a new im
was constructed. In most cases this deconvolution pro
resulted in a sharper image compared to the raw image
detailed description of this method is forthcoming.

By deconvolving the experimental wire scan with t
wire’s physical profile we get an ‘‘effective’’ field profile
which includes the effect of the probe tip dimension and a
other factors which influence spreading in the probe re
nance. This profile is then used to extract features from
two-dimensional scans. By curve fitting we estimated
field profiles to drop off ase2r /r 0/r , wherer 0 is the lateral
characteristic decay length, and it varies from probe to pro
By curve fitting, using a least mean square error estimat
good fit, one can estimater 0 for a probe from its linescan
response to a wire. For typical probes operating at 1 GH
varied from 125 to 1mm.

A. Dielectrics

Figure 10~a! shows a microwave resistivity image over
233 mm2 region of a carbon composite. Scans over int
and delaminated sections of this composite depict a ma
change in the probe response pattern. In the delamin
sample the image pattern is much more fragmented, indi
ing large variations in the microwave properties of the co
posite. Darker regions in this image correspond to lower
fective density, and hence lower permittivity regions, wh
lighter region in the image correspond to denser and hig
permittivity regions in the composite.

Figure 10~b! shows defects in a BN sample. The dark
regions in this image correspond to lower permittivity r
gions than the rest of the BN sample by as much as 5
~De/e50.5!.

B. Semiconductors

Figure 11~a! is a two-dimensional pseudocolored scan
a 4 in. 1.5mm 3C-SiC on a Si wafer. The results were e
citing because the pseudocolored plot of the scan sh
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variations on the wafer which matched the resistivity m
obtained by four-point probe measurements.19

Since the microwave probe response is quite fast~,0.1
ms!, the response of the semiconductor to an external sti
lus, such as an optical pulse or a depleting high-power e
tromagnetic pulse, can be monitored. Figure 11~b! shows an
oscilloscope trace of the EMP’s output response of a silic
sample. A switched optical pulse generated by a GaAs la
diode was used in this experiment. These transient meas
ments can be performed at different temperatures and, s
the microwave probe measurement is noncontact, only
semiconductor sample needs to be cooled or heated. T
activation energies and various parameters of deep lev
such as their capture/emission cross sections and dens
can be determined. The carrier recombination lifetime, c
culated from the transient response of the EMP in Fig. 11~b!,
was approximately around 2 ms in the B-doped silic
sample with a 100 Å gate oxide.

C. Metals

Figure 12 shows an optical and a microwave image o
2 mm diam hole in a copper plate. A linescan over the sa
hole @Fig. 12~c!# can detect burrs on the edge of the ho
Earlier it has been reported10 that for small features~less than

FIG. 10. ~a! Delaminated and intact composites imaged side by side sh
that it is possible to detect delaminations using the EMP. The region on
left corresponds to the delaminated composite with darker regions ha
lower density corresponding to lower permittivity. The scanning was don
1 GHz using a critically coupled electric dipole probe. 30330 points were
scanned over a 233 cm2 area.~b! EMP image of defects in the BN sample
The defective regions~shown as dark depressions! had lower permittivities
than rest of the sample by as much as 50%~De/e50.5!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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0.5 mm! the probe gives double peaks due to asymmetry
the fields. But the peaks seen in this linescan at the edge
the hole are not found in scans over other similar ho
implying that they are due to the burrs on the edge of
hole. Scans over grooves of known depth in the same co
plate were also taken to characterize the probe’s output
respect to the depth of the strips. In Table II we compare
depth and width measurements of these copper groo
made using the evanescent microwave probe to the ac
depths and widths.

In Fig. 13 we have the microwave probe output at d
ferent points along a metal component with a known stres
region. Residual stress in metals causes an increase in
dom carrier scattering, resulting in lower local conductiviti

FIG. 11. ~a! Evanescent microwave image of a 4 in. 3C-SiC/Si wafer.
Variations in film thickness/resistivity due to the gas flow are detected
the evanescent microwave probe. The scan consists of 1303130 points over
the wafer. The resistivity in this wafer varied between 1~white! and 10V
cm ~black!. ~b! Carrier lifetime measurement using the EMP. The carr
recombination lifetime~'2 ms in this case! can be calculated from the
transient behavior of the EMP output when the optical pulse is turned
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in the stressed regions. In this case~Fig. 13! the local con-
ductivity in the stressed region changed by as much
Ds/s51024.

D. Magnetic materials

Figure 14 shows a pseudocolor EMP image of a m
netic disk. Due to the permeability variations across the m
netic domains, the EMP is capable of detecting these regi
The dark areas in Fig. 14 correspond to higher permeab
than the light areas. In this measurement, an electric dip
probe was used. It is possible to perform these measurem

y

r

.
FIG. 12. ~a! Optical micrograph of a 2 mm diam hole in a 6 mmthick
copper plate.~b! An EMP image of the same hole.~c! A linescan over the 2
mm diam hole can detect burrs at the edges of a hole in the copper p
The burr width was 89mm.
those
TABLE II. Comparison of actual values of the depths and widths of grooves in a copper plate to
measured using the evanescent microwave probe.

Groove
Experimental depth

~mm!
Actual depth

~mm!
Experimental width

~mm!
Actual width

~mm!

First 0.13360.012 0.145 5.17560.300 4.875
Second 0.13460.016 0.150 5.41360.525 4.888
Third 0.32060.011 0.331 5.12560.225 4.9
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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in the presence of an externally applied magnetic field. T
implication of such high spatial resolution magnetizati
measurements in data storage/retrieval is quite clear.

E. Biological specimens

Figures 15~a! and 15~b! show optical images of a plan
leaf and a corresponding pseudocolored EMP image o
small region in this leaf. The moisture content as well
some basic features of the leaf can be detected using
probe. This technique, being noncontact, noninvasive, n
destructive, and capable of operating in any medium, is id
for studying biological specimens in buffer solutions and
air. We are currently in the process of performing imaging
soft ~skin! and hard~bone! biological tissues.

Figure 15~c! and 15~d! show optical images of bals
wood and its corresponding EMP image. Regions of hig
moisture content in this balsa wood can be seen as w
regions in the EMP image. With more refined EMP measu
ments it should be possible to detect the mineral content
well as density variation in woods and other similar hier
chical materials.

VI. DISCUSSION

We discussed some of the issues involved in the de
of evanescent microwave probes and explored the app
tion of these probes in studying various materials. Mic
wave substrates with higher permittivities usually resulted
more confined fields in the electric dipole probes. Thus,
spatial resolution of these probes was higher than the pro
with smaller permittivities. The magnetic dipole probe
resolutions did not show the same dependence on subs

FIG. 13. The microwave probe detects stress in a component. The m
piece was stressed to introduce residual stress. Stress detection is po
because of variations in the subsurface conductivity due to stresses.

FIG. 14. Map of magnetic domains of a hard drive disk obtained using E
imaging. This image clearly shows the ability of the EMP to detect va
tions in the permeability of the magnetic disk. Dark areas have higher
meability than light areas.
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permittivity. We explained this lack of appreciable depe
dence by noting that the magnetic field profiles are predo
nantly determined by the radius of the wire loops that fo
these probes and that the loop size can be set more or
independent of the substrate permittivities. The EMP w
capable of imaging conductivity variation and recombinati
lifetimes in semiconductors. It also yielded information r
garding nonuniformities in metals~regions having residua
stress!, insulators~BN!, composites~delaminated versus in
tact parts!, a plant leaf, and balsa wood. The EMP is capa
of imaging materials in noncontact mode and nondestr
tively through air or other suitable media and, hence, it h
many potential applications in biological and botanical m
terial studies.
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