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Evanescent microwave probes have gained considerable attention recently. These probes can obtain measurements of the microwave proper-
ties of materials with a very high spatial resolution. By scanning the probe across the area of interest images of the topography, subsurface
features, or microwave parameters can be generated for a large variety of materials. In this article, we review the development and present
state of evanescent microwave probes and their use in microscopy. We formulate a simple model of an evanescent probe and discuss its basic
principles and potential as a nondestructive testing tool for a variety of applications. We address important issues regarding the fundamental
differences with other electromagnetic probes, the spatial resolution, and the sensitivity to changes in the sample’s parameters. We summa-
rize recent work on applications of these probes with different materials. The present paper gives motivation and the basic tools for further
research into applications and fundamental issues of these probes.
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Las sondas de microondas evanescentes han llamado considerablemente la atencién recientemente. Estos instrumentos pueden obtener medi-
ciones de las caracteristicas de los materiales en el rango de las microondas con una alta resolucién espacial. Haciendo un barrido de la sonda
a través del drea de interés se pueden generar imdgenes de la topografia, defectos sub-superficiales y de las propiedades del material a la
frecuencia de operacién para una gran variedad de materiales. En este articulo, presentamos una revisién del desarrollo y el estado actual de
este tipo de instrumentos y su uso en microscopia. Formulamos un modelo sencillo de una sonda evanescente y discutimos su principio bdsico
y su potencial como herramienta de pruebas no destructivas en diferentes aplicaciones. Consideramos aspectos importantes referentes a las
diferencias con otro tipo de sondas electromagnéticas, la resolucién espacial, y la sensibilidad al cambio en las propiedades del material de
prueba. Resumimos el trabajo reciente en cuanto a las aplicaciones de estas sondas con diferentes materiales. Este articulo pretende motivar
y dar las herramientas bdsicas para continuar la investigacion en los aspectos fundamentales y las aplicaciones de estos instrumentos.

Descriptores: Microondas; campos evanescentes; microscopia; caracterizacion de materiales

PACS: 07.57.-c; 07.79.-v; 07.07

1. Introduction

In the last iwo decades, there has been an increasing in-
terest on the development of probe microscopy techniques.
After the introduction of the scanning tunneling microscopy
(STM) in 1982 [1, 2], many other important techniques based
on the local interaction of a sharp tip and sample were pro-
posed and some are still under investigation. These tech-
niques include atomic force [3, 4], magnetic force [5], ther-
mal [6], ion conductance [7], near-field optical [8], and
capacitance [9] scanning microscopy. In particular, atomic
force microcopy has become very popular due to its poten-

tial to image with atomic resolution very different kinds of

surfaces. Other probe techniques which have drawn many re-
searchers attention in later years is the scanning near-field op-
tical microscope (NSOM) [10-15] and scanning capacitance
microscopy (SCM) [16-19]. Evanescent microwave probes
(EMP) have also been considered recently and at the time,
the potential of these EMP appears to be very promising with

a larger spectrum of applications. In fact, EMP may be found
to be related to NSOM and to SCM.

The limit resolution of near-field probes is one of the
main issues. In conventional optical microscopes, the spatial
resolution limit is in the order of the wavelength used. Specit-
ically, the smallest resolvable spacing between two point
sources is A/2sin av, where « is the collection angle that the
aperture subtends. This limit is known as the Abbe barrier,
or the diffraction-limited resolution, and is due to diffraction
phenomena inherent to the wave phenomena. Thus is “un-
breakable”. However, this limit only applies to the conven-
tional way of imaging using lenses. It does not apply to scan-
ning near-field microscopes, since diffraction, in the strict
sense of the term, is not involved in the probe-sample inter-
action. Nevertheless, the wavelength of radiation does play a
role in some cases, and a good figure of merit of a microscope
involving some kind of wave phenomena, is the spatial res-
olution in terms of the wavelength. However in some cases
such figure of merit is not useful; e.g., in cdpacitance and
electrostatic techniques the wavelength is considered infinite.
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The limit to the spatial resolution in a near field micro-
scope has to do more with the possibility to confine power
flux through a small area (the tip). Wavelength may or may
not play a dominant role in such limit. Resolution, spatial
or with respect to changes on the sample properties, depends
on the minimum detectable change in the coupling between
sample and probe.

2. Historic outline

Synge is credited for suggesting for the first time near-
field microscopy [20] in 1928. Electromagnetic evanes-
cent fields were considered quantitatively by Bethe in cal-
culating the coupling efficiency of microwave waveguides
through a small aperture much smaller than the wavelength
in 1944 [21]. Baez discussed sub-wavelength resolution and
gave a proof of principle experiment using an audio os-
cillator in 1956 [22]. The first experimental demonstration
of imaging with evanescent fields at microwave frequencies
was carried out by Soohoo in 1962 [23], and in 1972 Ash
and Nicholls demonstrated that microwave evanescent fields
could be used the image features on the order of A/100 [24].

With the introduction of the scanning tunneling micro-
scope (STM), the technology to manipulate a small tip with
sub-nanometer precision evolved rapidly (being now com-
mercially available). The present technology is based on
piezoelectric micropositioners. Contrary to what one may ex-
pect, the technology is very simple (although costs can not
be overlooked yet). An accessible description of it is found
in the book by C. Julian Chen [25]. As indicated above,
STM and the scanning technology on an atomic-level that
came with it, triggered many to search for new probe tech-
niques for microscopy based on different physical phenom-
ena (atomic force, magnetic, optical, ionic transport, etc.).
In particular atomic force microscopy (AFM) soon followed
STM [3, 4, 25], being both very popular today. Atomic force
microscopy turned out to be more versatile, since there is no
need of a conducting sample, and is perhaps more widely
used today. Electromagnetic probes at optical frequencies
followed rapidly. Pohl and coworkers reported an optical
stethoscope with a spatial resolution appreciably less than the
wavelength in 1984 [8]. Their work started few years before,
and a patent application predates the article [14]. In a sec-
ond publication in 1986, they called their instrument a near-
field optical scanning microscope (NSOM) [10]. Their mi-
croscope consisted of a sharp quartz-tip covered with an alu-
minum film with a small aperture at the apex. Independently,
Lewis and coworkers reported results of sub-wavelength res-
olution in 1983 [11], and later showed evanescent field im-
ages of a gratin in 1986 [12]. Evanescent field microwave
probes with sub-wavelength resolution using a transmission
line were considered in 1987 by Gutmann er al. for planar
structure diagnosis [26], but no further works with MW fol-
lowed short after. Since the mid 80’s NSOM has caught the
attention of numerous experimentalists and theoreticians, be-
ing today a very active area of research [15]. For a detailed

overview of different types of NSOM which have been ex-
plored, basic principles and instrumentation the reader is re-
ferred to the book in Ref. 13.

Scanning capacitance microscopy (SCM) also followed
the introduction of the STM [9, 16]. In 1989 Williams et al.
reported a SCM on a 25 nm scale [17]. SCM consists of
measuring the capacitance between a sharp tip and the sam-
ple. High sensitivity to capacitance variations (resolution in
the order of 1 x 10~!? F) is achieved using a resonant cir-
cuit [17-19]. The general character of the images obtained
with a SCM is similar to that of a STM but with less spatial
resolution. However, in SCM the sample may be covered by
a thin dielectric layer (many times this layer is formed nat-
urally after exposure to air). This is a virtue of SCM in that
imaging of a conductor through a dielectric layer is possible.

Combinations of probe microscopy techniques were also
introduced. In particular SCM and AFM were combined in
1991 by Barret and Quate [18]. They placed a conducting tip
on an AFM cantilever. The tip was pressed to a thin dielec-
tric layer formed on top of the conducting sample. Measuring
deflections of the cantilever gave in addition topographical
information of the surface. The main purpose of their instru-
ment was to measure the charge storage in a nitride-oxide-
silicon system.

Evanescent microwave probes were again considered un-
til 1993 by Tabib-Azar and coworkers in [27]. A microstrip
quarter wavelength resonator in conjunction with a small
probe was used to map microwave conductivity variations in
metallic lines on circuit boards and of a silicon wafer. The
possibility of using electric dipole probes as well as magnetic
dipole probes in high resolution imaging was demonstrated.
Imaging of subsurface defects was shown to be feasible by
detecting holes in a printed circuit board that were covered
by solder and were not visible. Spatial resolution on the or-
der of A/1000 was achieved. Since then, other groups have
started working on EMP.

Xiang and coworkers reported in 1996 a scanning tip
near-field microscope at radio/microwave frequencies. The
microscope consisted of a A/4 coaxial resonator with a ta-
pered center conductor, a sharpened tip which is connected
to the center conductor and protrudes from an aperture on a
shielding plate connected to the outer conductor. In their first
publication a spatial resolution of 5 um was reported [28]. In
a subsequent publication from the same laboratory, Gao et al
reported an improved instrument with a sharper tip achieving
a 100 nm spatial resolution while imaging dielectric samples
(corresponding to A/10%). The tip was in soft contact with
the sample. A resolution on the difference of the dielectric
constant that could be detectable of s/ &~ 6 x 10~* was
reported [29].

Also in 1996 Vlahacos er al. [30] reported a simple near-
field scanning microwave microscope with a spatial resolu-
tion of about 100 szm, and operating in the 8-12 GHz range,
corresponding to A/360 at 12 GHz. They used a 2 m-long res-
onant coaxial transmission-line connected to an open-ended
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coaxial probe. No tapering of the inner conductor nor shield-
ing plate was used. In a second publication by the same
group [31], Steinhauer et al monitored the frequency shift of
the resonance as the open end of the transmission line was
scanned closely to the sample, using a frequency-following
circuit. A sensitivity to frequency shifts of 2 parts in 10° dur-
ing a 30 ms sampling time was achieved. They used their
EMP to map surface resistance of metallic samples. They es-
timated a resolution in surface resistance of ARy /Rx =
0.05 for Rx = 100w /0.

The applicability and versatility of EMP for their use with
very different kind of material is illustrated by a series of re-
cent papers from the group of M. Tabib-Azar [32-39]. Mi-
crostrip or strip line resonators were used in the latter works,
illustrating their use with metal, semiconductors and insula-
tors, and with biological and relevant medical samples.

Quantitative interpretations of the images require accu-
rate models of the tip and tip-sample interaction. Relatively
few works have been dedicated so far to the theoretical
models. Two recent papers give the foundations for such
work [40, 41]. In Ref. 40 Gao and Xiang proposed a quanti-
tative theoretical model for imaging dielectric samples. They
modeled the tip as a conducting sphere. They considered
in particular the case of imaging dielectrics (with real and
complex dielectric constant). They allow a soft contact of
the tip and sample, which enhance spatial resolution. Com-
parison with experiment showed to be in good agreement.
They showed that the spatial resolution can be two orders
of magnitude less than the radius of the sphere (tip) when
£ > 50eq. Their estimations indicate that nanometer spa-
tial resolution is achievable (100 nm spatial resolution has
been achieved already for £ > 20 ¢ [19]). Such a resolution
would be comparable with that of NSOMs, but using a wave-
length 10 times larger. The resolutions to changes in the di-
electric constant is estimated in the order of ds/e ~ 107°
for such a probe. Tabib Azar et al., presents a detailed anal-
ysis of the sensitivity of the resonator to perturbations due
to tip-sample interaction [41]. Simple formulas for the reso-
lution, spatial and on changes in conductivity and dielectric
constant, are given. The possibility of 100 nm spatial reso-
lutions using the microstrip resonator are predicted. Resolu-
tions of éo/c ~ 1072 in metals, do/c =~ 10~* in semi-
conductors, and of s/ ~ 102 in dielectrics is predicted
for such a probe. An approach to enhance the spatial resolu-
tion by deconvolving the EMP image with the experimentally
measured spatial impulse response is investigated in Ref 42.

Finally, new analytical tools are being investigated by
Garcfa-Valenzuela et al. to calculate the capacitance between
electrodes with arbitrarily rough surfaces [43,44]. The ap-
proach is based on perturbative solutions to the boundary in-
tegral equation. Extensions of the results to model the cou-
pling capacitance between a tip and a rough surface are still to
be done. Nevertheless, to date it appears that this is the most
attractive approach to obtain analytical models for interpre-
tation of very high resolution two-dimensional topographical
1mages.
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FIGURE 1. a) Schematic layout of an EMP. b) Equivalent circuit of
the A/4 resonator near resonance.
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FIGURE 2. Side and bottom views of a possible tip geometry.

3. Basic model of a EMP

The EMP consists of a short open-ended transmission-line
which couples to the sample through a sharp tip (see Figs. 1
and 2). The effective length, ¢, of the transmission line should
be close to A/4. It is not difficult to show that a quarter-
wavelength transmission line is equivalent to a series reso-
nant circuit [45]. The equivalent circuit analysis is used by
several authors in previous works to model the probe sensitiv-
ity [30,40, 41]. In what follows we summarize the electrical
aspects of the probe.The magnitude of the reflection coeffi-
cient of a voltage wave impinging onto the resonator, | Sy |,
is measured, using for example a circulator and a square law
detector [41], as illustrated in Fig. 1a. The simplest method to
image a sample with a EMP is to keep a constant frequency
fz, and tip-sample distance dq, and measure the resonator’s
reflection coefficient, |51 | as the probe is scanned across the
sample’s surface. Other possibilities are to keep |511| and d;
constant using a feedback circuitry and measuring f,, and

-kéeping |Sy1| and f, constant and measuring d;. We will

consider only the first case, since it is the simplest. Differ-
ent kinds of transmission lines are possible.

Rev. Mex. Fis. 45 (6) (1999) 539-550



542 A. GARCIA-VALENZUELA AND M. TABIB-AZAR

3.1. Analysis of the resonator

The reflection coefficient of the resonator is given by
_ Zin = Zos
Zin Sg ZDf '

where Z,,, is the input impedance of the resonator and Zpy is
the characteristic impedance of the feed line. Using stantard
transmission line theory, Z;,, is given by

1+ Cexp(—27€)
1—Texp(—2+¢)’

where Zy = /L/C is the characteristic impedance of the
resonator line, I is the reflection coefficient at the tip-end of
the resonator, and vy = a:+ j/3, where j is the imaginary unit.
For a low loss line &« = $R/C/L and 3 = wvCL, where
w is the radial frequency, R, C, and L, are the resistance, ca-
pacitance, and inductance per unit length of the resonator’s
line, respectively.

If there is no tip-sample coupling, the reflection coeffi-
cient at the end of the probe is I' = 1 (assuming the open-
circuited end). In this case, resonance (w = wp), is de-
fined by exp (258f) = -1, ie, f¢ = w/2. Thus, wy =
7/(20v/LC). If o is zero (a loss-less line), so is the input
impedance, and the admittance is infinte. Assuming very low
losses (2af < 1), and a frequency w close to resonance:
Blwo + AwWVIC = /28 + AwVIC; with AwvVLC <
1/A, we get from (2), Z;, = Zo(al + jAwLE), where we
kept terms of first order in smallness. The resistance and
inductance of the resonator are defined as Ry = %RE and
Ly = 3 L¢, thus we may write

Zin = RU 7 2]AWLO (3)

S (1)

Zin = 2o (2)

The factors § in the relations Rg = R( and Ly = 3L(
are due to sinusoidal dependence of the voltage and current
across the resonator. Note that at resonance the impedance is
real and smallest, the admittance is largest.

The circuit equivalent of the transmission line resonator
of an EMP near resonance is shown in Fig. 1b. The reso-
nance frequency of the equivalent circuit is 1/y/L.C,, which
is equal to wo given above, provided L. = L, = 1(L, and
C, = 8¢C/n?*, where C is the capacitance per unit length
of the resonator, The ()-factor is defined considering the ad-
mittance Y;, = 1/Z;,,. which is maximum at resonance. It is
defined as the fractional bandwidth between the points where
Yin| is 0.707 of its maximum value. From (3) we may find
() = Lowy/ Ry, and we may write

A
Zin = RD (1 +2.7Q w) g (4)
Wo

If the probe approaches the sample, coupling to the sample
will deviate the reflection coefficient I' form unity. An EMP
should operate under weak coupling to the sample. Thus we
may approximate

_Zi—Zo 27y

= —&1l- —, 5
Zy+ Zy Z) @l

where Z;(>> Z;) is the load impedance. For clarity in the fol-
lowing equations let us define the complex perturbing term,
g(w) = gr(w) + jgi(w) = —2Zo/Z,. Assuming very low
losses in the resonator, and a frequency w close to the res-
onance frequency of the unperturbed resonator wg, we get
using (2),

Zin = Ro + 2jAwLo — } Zog(w), (6)

where we kept terms of first order in smallness only. The new
resonance frequency (wy) is where the imaginary component
in (6) is zero. Using Aw = w — wyp, we get

2(w) — wo) Lo — %Zgg,-(wa} =0 (7

from where we solve for wj. The inductance and resistance of
the perturbed resonator is found from rewriting Z;,, in terms
of Aw' = w — wp. Using gi(w) = gi(wp) + (dgi/dw)].,
Aw',2j LoAw = 2j Lo(Aw' +w, — wp) we get from above,

1 i 1. dg; 2
—— I T s con st Z e B ,
Zin R(J 2209 ("’J) |:2.7L0 2.3' D(dw) “-‘6:| Aw (8)
which we may rewrite as
' . ' ' p fA‘-‘f"
By =B % 5LLAG = RD(1+2]Q : ) (9a)
Wo
where
Ry = Ro — 320 gr(w),
1 dg;
PR - - : 9b
o = Lo 4Z0(dw) o (9b)
and
Lient
- 00

3.2. Probe-sample coupling

Different tip geometries have been used, depending on the
kind of transmission line used for the resonator (microstrip,
coaxial, etc.). In essence, all tips will work under the same
basic principles. From a conceptual point of view it is con-
venient to consider the one depicted in Fig. 2. This is similar
to the one used by Xiang et al. in their microscope [28, 29].
The outer conductor is extended towards the center conduc-
tor with a flat conducting ring. The inner conductor of the
transmission line extends beyond the ring through its aper-
ture using a thin wire. The diameter of such wire at its end
will determine the probe’s spatial resolution. As long as the
wavelength in air of the microwaves is much smaller than the
ring’s diameter and of the distance between the tip and the
ring, we may use the quasistatic limit.

The field lines leave the inner conductor’s tip towards the
ring and outer conductor. In the presence of a sample, some
field lines enter the sample just below the tip and exit below
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FIGURE 3. Schematic illustration of the electric field lines at the
tip-sample region.

the ring ending on it. Few of these lines are illustrated
schematically in Fig. 3. Let us assume the tip and ring as
perfect conductors. Consider one of the mentioned field lines
such as the dashed field line in Fig. 3. At any instant of time,
the voltage difference between the tip and ring is given by
minus the integral of the electric field from point a to f. If
dy and dy in Fig. 3 are small compared with the diameter
of the tip and ring respectively, the electric field may be ap-
proximated as constant within the gaps. (Thus, E, = E;, and
E. = Ey). Much in the same way as in a parallel capacitor
when ignoring fringing fields. The field along the line joining
points ¢ to d in the figure will be dependent on the sample’s
electrical properties and will vary along the length on the line.
It will be largest at point ¢ and smallest at point d. We may
write the corresponding integral as an effective length times
the field at point ¢: E.deg. Thus, the voltage difference at the
lip is written as

Vi = Eudy + Ecdeg + Efds. (10)

The current density at point ¢ is J= o E., where o is the
conductivity of the sample. The total current may be writ-
ten as [ = oF.A., where A, is an effective area at point
¢, which commonly will be close to the actual area of the
cross section of the tip. On the other hand, the current den-
sity may be expressed in terms of the current flow from the

interface: J = 0 E, = —dp/dt = — jwp,, from where we get
pe = 0 E. /jw (j is the imaginary unit). Applying Gauss’ law
on the interface between point b and ¢ in the figure, we get
esEe —e0Ep = 0Ec[jw. Thus, E. = eoEp/(es + 0/jw).
The field’s amplitude within the gaps may be written in terms
of the effective are of the ring (Ay) and tip (A,), and the
average surface charge on them: E, = E, = p,/eq and
Ey = E, = py/eo. The total current I must be expressed in
terms of an effective area, as I = jwpa/.la = jweoﬁuEu, or
as [ = jfusglif Ej. Using both equations yields E; = E, =
E.A./Ay. Hence, the voltage is

A
‘/j =4 Eﬂ (dl = _—ﬂdg + s
Ay

SroGa) O

+—2
'5010 502_,"
zZ —»
G, E-& e «— R= f’ﬁﬁ:
- d¢' = a Zﬂ
]

FIGURE 4. Equivalent circuit for the sample.
The load impedance Z; may be calculated as Z; = V; /1. Us-
ing [ = jwﬁnEﬂ/so we get from (11),

1 1
GG, T juC, + 1/ Ry’

Zy= (12)

where the coupling capacitance is C. = (C7! + C;7')71,
where C, = oA, /dy, and Cy = EO/L,/ dy, the sample ca-
pacitance is Cy = £,4, /deg, and the sample’s resistance is
Ry = dy /0 A,. The equivalent circuit is shown in Fig. 4.
If the sample is a nonconductive lossy dielectric, i.e., the di-
electric constant is complex, e, = ¢, — je¥, o is replaced (or
augmented) by wel, i.e., Ry = degel/ w.s;/i‘,. In the case
of a good conductor we may need to include an inductive el-
ement in series with the sample’s resistance due to the time
varying magnetic field induced by the currents on the sam-
ple. For simplicity we will not consider this term (see, e.g.
Ref. 36).

Using (12) in g(w) = —2Zy/Z, and defining the sample
conductance g, = 1/ R, we obtain

wzczg
gr(w) = 22— fhbaiels —,
b=t e, O
and
gi(w) = —2ZpwC.a
where
3 2
(Y:ysl+w CS(C,;-FC'z) (13)
g2 + w?(C, + Cy)?
To a first approximation we may replace o by ag = a

(w = wp) in (12). Thus (dg;/dw)|w, = —2ZsC.ap. Using
this result in (8), we obtain to a first approximation,
1.C, )

wq =w0(1 - =

5, ) (14)

where (|, is the capacitance of the resonator, Cy = 11, and
P 0=73

92 +wpCe(Ce + C,)
@2 +wi(Ce+C5)2

Gy =

(15)

with g5 = 1/R,.
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FIGURE 5. Illustration of the resonance curve of |Sy|, and an in-
duced shift due to the sample interaction. wy, is the radial frequency
where the slope of the resonance curve is largest.

3.3. Sensitivity of the probe

The parameter to measure is the magnitude of the reflection
coefficient of the resonator given in (1). Using (15) we have
(Ro — Zog) +2jQ RoAw' [wo

= 16

Adjusting the impedance of the feed line so that Zg; = Ry is

satisfied close to the resonance frequency, we have
Q'|Aw|/wh

(14 Q2Aw?[wi) /2

a7

Si| =

If the resonance frequency w), changes by a small amount dwy,
due to a change of the sample coupling, the resonance dip il-
lustrated in Fig. 5 shifts as a whole. If the frequency at which
we are measuring | S| is held fixed at f,, a small change in
the reflection coefficient is registered, d|S1;|, which is pro-
portional to the derivative of |S11| with respect to frequency.
The sensitivity at the frequency w,, not too far from wy is
obtained as

ASul| @

~

18
8;;} iy w’é k ( )

where the sign function s is +1 or =1 if w > wp or w < wo
respectively. We may then write the change in the resonator’s
reflection coefficient in terms of a the change of any of the pa-
rameters involved in the coupling at the end of the resonator.
Hence,

81 51 1 | C)uJ

—f(’Ar., (19)

AlSul=—5"1..73

where t may be d;, a, £, etc.. The partial derivative dwy, /It
may be calculated from (14) and (15).

3.4. Resolution on material properties

The resolution is quantified by the minimum detectable signal
(MDS). This is defined as the change in the parameter being
imaged which causes a change in the magnitude of the out-
put voltage |AV,| equal to the rms voltage noise Vins. The

output signal V, is given by V,, = Vi|S11| where V, is the
incident voltage wave to the resonator. The output voltage
noise is primarily due to circulator noise, detector noise, and
amplifier noise. The MDS is calculated from

0|S
Aol = VilSual = V21 A < Vi,
and we get
V
MDS = lAtlmin = ;m (20)
vi| 25|

where t is the parameter being imaged. The partial derivative
3|S11]/0t is calculated from (19), (18), and (14). We obtain,

2("0 “frms
ViQs

where 3 = |C.0a0 /0t + apdC,/It| and we used wy /wp =
l,and Q = Q.

To illustrate a few examples let us first consider a per-
fect dielectric. In this case g; = 0, and thus from (15) we
get ag = C,./(C. + Cy). For a dielectric the effective pen-
etration length is deg &~ D; (see Sect. 6 below), thus we
commonly have d; < deg, and for a not too large a dielec-
tric constant £, this results in C. > C,. Let us calculate
|Ags|min and |Ad |min. The first MDS indicates the ability
of the probe to discern between different materials, and the
second one indicates the ability to measure height variations
of the surface (vertical spatial-resolution). Calculating A from
ag = Co/(Ce + Cs) by using Cy = csAql deff = €4Aa/ Dy
and C, = g9 A, /d,, we get

MDS = (21)

2CoVims€s
| Ags|min = ﬁc__a (22)
and
/ 2C‘DVrmsC'yé2 dl
|Ad1|min = [W] [E] (23)

Let us consider a numerical example. Typical values for a
EMP based on a microstrip resonator are ¢ = 1000, V; =
10 V, Vos = 20 mV, Cy = 3 x 1072 F [38,41]. Let
us assume a tip of circular cross section with a diameter of
D; = 100 um at a distance d; = 1pm from the sample’s sur-
face, and an operating frequency of 1 GHz, wy = 2m x 10%.
Thus the effective area is A, = 7.85 x 10~? m?; and by as-
suming C; < C», we get C. =~ C; = 7 x 10~ F. From
(22) we get the MDS for the dielectric constant in the present
example, |Asg|min/c0 = 0.017. From (22) it can be shown
that increasing the tip’s diameter D; decreases in the same
proportion | A< ;| min /€0, thus improving the resolution. From
(23) we get |Ad, |min = 1.7 x 107%(go/5)? m. For e, = 10,
this is already in the nanometer scale. Of course, in any case
increasing the resonator’s (7, decreasing the resonator’s ca-
pacitance Cyy, or decreasing the ratio Vi,s/V; would improve
the resolution in a linear relation.
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Let us consider the same probe values in an exam-
ple with a semiconductor. The minimum detectable change
in the coupling resistance R, is found following the
above procedure as |AR|min = [(2C0Vims) /(QVi)][(1 +
R2wWEC?)? [2R,wiC3). Using Ry = ryder/ Aq, Where 7, is
the resistivity, we get

2CoVims
Ar o Rl e ———
Ar, i = [0

) {[1+,.§wgcf(D,/fln)2]2} (iﬂ)l (24)

2r.wiC3 D,
(§ Badlls

where we used deg =~ D; < 0§ (see Sect. 6 below). As a
numerical example, we obtain from (24) for the present ex-
ample Ar, |min/rs = 2.7% 1072, 4.7% 1074, 2.9 x 1073,
0.3, and 28, for r, = 1072, 1071, 1, 10, and 10% Qm, re-
spectively. Note that |Arg|yin is a complicated function of
wo, Dy, dy, and r4. Thus, by using (24) one should choose
the tip’s diameter and distance to maximize resolution for the
expected range of resistivity. Since our model does not in-
clude an inductive term in the coupling impedance, we can
not extend our calculations to good conductors, such as met-
als. This case is considered in Ref. 41. Following a similar
procedure, and assuming a resistivity of rg; &~ 0.1{m, we
obtained |Ad |nin = 2 x 1071% m for the present example.
This is a quite impressive resolution, comparable to what one
can get with optical techniques in practice.

Note that when imaging a perfect dielectric [formulas
(22) and (23)], the only dependence on A is due to the fre-
quency dependence of Cy due to the dispersion characteris-
tics of the dielectric constant £;. In the case of a semiconduc-
tor, there is some additional dependence on the frequency,
according to (24).

4. Differences with other

probes

electromagnetic

As mentioned above, EMP may be regarded as related
to NSOM and to SCM. However, direct relation between
NSOM and SCM is not obvious, if any. In this sense, an EMP
may be considered as “in between” SCM and NSOM. We
discuss in this section the main differences and advantages of
EMPs with respect to SCM and NSOM.

Al microwave (MW) frequencies very good conductors
exist, while at visible and near infrared frequencies real met-
als are fairly poor conductors. Hence, at MW frequencies
low-loss transmission lines are a practical realization. Trans-
mission lines propagate TEM waves which have no cut-
off frequency. The electromagnetic field is confined within
metallic conductors and allows to concentrate the power flux
across an area with linear dimensions much smaller than the
wavelength.

Attempts to implement and use transmission lines at op-
tical frequencies for NSOM have not been successful [13].

In the optical regime, diclectric waveguides are used. Dielec-
tric waveguides, with few exceptions, propagate TE and TM
modes only, all of which have a cutoff frequency. For a thin
waveguide with dimensions smaller than a wavelength these
modes are not present. In step-index waveguides with circular
cross section, the fundamental hybrid mode EM, 1, is one of
the exceptions, and has no cutoff [46]. In NSOM the tip may
be formed by tapering the end of a optical fiber. At the tip, the
core has disappeared and the cladding of the fiber becomes
the core. Forming a step index fiber: cladding-air. At the tip
the only guided mode is the fundamental mode. However,
the lateral profile of the energy density in the optical field
of the EM;; mode remains in the order of the wavelength,
even though, the dimensions of the core may be small com-
pared to the wavelength. Thus, power cannot be confined to
dimensions much smaller than the wavelength and resolution
is not much smaller than the wavelength. On the other hand
coupling efficiencies to the tip is in the order of 10~ [13).
Other possibility is to cover the tapered region of the opti-
cal guide with a metal layer. The fundamental mode becomes
then the TE;;. This mode, though, cutoffs at a normalized
(with respect to A) core radius of 0.2. It decays exponen-
tially for smaller core radius. For common taper angles the
power loss to the apex would render the tip useless. An opti-
mal metal-coated tip would taper gradually to cutoff, where
it would end abruptly. An aperture in the metal coating on the
blunt end of this tip would then provide further confinement
of the light and enhance spatial-resolution. The aperture di-
ameter should be at most in the order of the skin depth of the
light in the metal. Otherwise the aperture would work as an
over-damped waveguide resulting in further losses. The re-
sulting limit on resolution for these probes is roughly 10 nm
for green light for the best available metal (aluminum) [13].
Thus, the resolution is limited due to the skin depth of light
into the metal. In either case, the power losses on coupling
light into a small area with linear dimensions small compared
to the wavelength are very strong. Requiring to work in the
lower limit of the current photon-detection technology. This
makes NSOM expensive and requiring special care.

The above problems in NSOM are absent in EMP, be-
ing this an important difference of EMP with regard to sub-
wavelength imaging. As discussed in Sect. 3, the limit to
the spatial resolution in EMP comes from the unwanted cou-
pling that may occur between the tip and the external con-
ductor of the transmission line, and of the resistance of the
tip that comes with reducing its diameter. A 100 nm resolu-
tion has been achieved, but theory predicts that smaller res-
olutions should be possible in many cases [40]. Apparently
EMP will achieve similar spatial resolutions than aperture-
based NSOM, although the wavelength is typically five or-
ders of magnitude larger.

SCM using a UHF (ultrahigh frequency) resonant cir-
cuit [17-19] is also closely related to EMP, in fact SCM may
be considered as a precursor of EMP. The coupling capaci-
tance between the tip and sample plays a central role in either
technique, and both may use a resonant structure to measure
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the coupling between sample and tip. The main difference be-
tween the two probes is that capacitance microscopy uscs a
conducting substrate, which is generally grounded to the cas-
ing of the resonant circuit. EMP, on the other hand, can be
used to image insulators (with no conducting substrate). In
an EMP the ground is the external conductor in the transmis-
sion line, which may be tapered or extended by a shielding
metallic ring. EMP are also sensitive to the surface resistance
and to a effective inductance [41]. In EMP the signal is less
sensitive to the background than in SCM, since the induced
currents are confined below the tip. In SCM spatial resolu-
tions in the order of 25 nm have been reported [17], while in
EMP the record resolution to date is 100 nm. In general we
may expect that comparable resolutions should be achieved
with both techniques. As indicated, resolutions in the few nm
range are expected for EMP [40].

5. Applications of EMP

The EMP signal depends on the electric permitivity £, mag-
netic permeability g, and conductivity o, of the sample as
well as on the topography of the surface. €, p, and o, are in
general complex quantities and depend on different physical
and chemical parameters: Temperature, chemical composi-
tion, moisture, stress, strain, density, etc. Thus, all the later
parameters may be imaged with an EMP for different appli-
cations.

Many important physical effects have temporal spectrums
in the microwave regime; e.g. rotation of small molecules,
bending modes of macromolecules, etc. Liquid water, being
a very important component of biological systems, absorbs
strongly in the microwave regime. On the other hand, the
conductivity at MW frequencies is commonly close to the
DC conductivity, making the EMP a potentially very useful
non-destructive tool for the electronic industry.

EMP may be recognized as a non-contact and non-
destructive tool for the imaging of insulators, semiconduc-
tors, and metals. EMP compliments optical and electronic
microscopes in the range of 0.01 pm to 1 cm. One attractive
feature of EMP for applications is that a minimum of sample
preparation is generally needed. The distance between probe
and tip may vary from a small fraction of a micrometer to a
few hundreds of micrometers, or more. The spatial resolution
being strongly dependant on the tip-sample separation (once
this is larger than the tip’s diameter). In the case of some in-
sulating samples with smooth surfaces, physical contact be-
tween the tip and sample can be used to enhance resolution.

Many applications do not require sub-micron resolutions,
but a large imaged area. Lower spatial resolution permits to
scan the EMP probe further away from the sample’s surface.
In these cases EMP may offer new unique possibilities, such
as subsurface imaging while allowing large surface rough-
ness, imaging of sticky surfaces, and high sensitivity to ma-
terial parameters. With relatively large tip-sample separations
it is also possible to image very hot surfaces. Subsurface

features in metals can be imaged due to the larger penetra-
tion lengths of microwaves compared to infrared and optical
waves. Scan rates of 0.1 mm/S have been achieved with the
possibility of increasing it by a factor of 10 [32]. Such scan
rates are relatively very fast (e.g. compared with STM and
AFM), and yield EMP suitable for on-line and quality con-
trol applications.

As a non-destructive tool, EMP has the advantage over ul-
trasonic testing of insulators in that MW have relatively high
transmission coefficients across solid-air boundaries. Also,
ultrasound absorption coefficients are much higher than MW
in dielectrics.

On the limitations of EMP we may point out the fact that
the signal depends on the material parameters, tip-sample dis-
tance, and topography, making it necessary in some cases to
compliment an EMP with a independent sensor to deal with
the tip-sample separation. An optical fiber sensor has been
used for this purpose in Refs. 35 and 37. Image interpretation
is then not always trivial and may require detailed modeling
of the EMP signal and some assumptions on the sample. Of
course, similar limitations apply to other local probe micro-
scopes as well, In the following subsections, we summarize
recent work on applications of EMP.

5.1. Dielectrics

A two dimensional map of the dielectric constant of a sample
consisting of three dielectric layers, | mm wide each, and with
dielectric constants of 11.8, 5.5, and 3.6 was given in [35].
The minimum detectable change in the dielectric constant
was determined to be 1.7%. Images of a 2 x 3 mm? region
of a carbon composite were obtained in Ref. 34. Delaminated
regions are clear in the image when compared to the image
of an intact sample. Imaging of the dielectric constant pro-
file with very high resolution (=~ 100 nm) of a thin dielectric
film grown in saphire substrate by dip coating was done in
Ref. 29. For such high resolution the authors allowed soft
contact (force < 20 uN) between tip and sample.

5.2. Semiconductors

Doped silicon wafers have been used to calibrate a EMP sig-
nal as a function of resistivity [35]. Also variation in resis-
tivity induced on a doped simiconductor upon shining light
onto it has been measured with an EMP [34]. A resistivity
map over a 4" 1.5 um 3C-SiC on Si wafer was obtained using
an EMP (non-contact measurement) in Ref. 34, Since the mi-
crowave probe response is quite fast (< 0.1 ps), the response
of the semiconductor to an external stimulus, such as an opti-
cal pulse or depleting high-power electromagnetic pulse, can
be monitored. In the later work, the response of a B-doped
silicon sample to pulses of light generated by a GaAs laser
diode was monitored through time using an EMP. Transient
measurements can be performed at different temperatures,
and since the microwave probe measurement is non-contact,
only the sample has to be heated or cooled. Activation en-
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ergies and various parameters of deep levels, such as their
capture/emission cross sections, and densities can be deter-
mined. In the later experiment the carrier recombination life-
time was calculated from the EMP signal. Also the response
of a photoresistor to an optical pulse and then to heating by a
40 mA pulse of current was monitored through time with an
EMP in Ref. 36. These experiments showed clearly the fea-
sibility of using an EMP to moniter various processess that
may lake place inside a semiconducting materials.

5.3. Metals

A MW image of a printed circuit board using an EMP was
reported in Ref. 27. A previously drilled hole covered with
solder was clearly visible in the image; demonstrating the ca-
pability of subsurface defect detection capabilities of EMP.
In Ref. 33 it is shown that an EMP can be operated in the
transmission mode to detect buried metallic lines in poorly
conducting materials. In Ref. 34 an EMP is used to image a
2 mm diameter hole on a 6 mm thick copper plate. It was
found that on doing a line scan across the hole, burrs at the
cedges can be detected and characterized to some degree. In
the same work it was shown that an EMP can detect residual
stress in metals based on the capability of detecting subsur-
lace conductivity differences. A scanning image of two Nb
strips, 1000 A thick, 10 gm wide, and 20 um apart was taken
in Ref. 28. The image of an array of squared Cu films through
glass was also taken in the later work. The dimensions were
300 yom» 300 pzm and 1000 A thick in one case, and 500 pm
x500 pim and 2000 A thick in other case. The tip separation
was 200 m.

The use of an EMP o image active microwave circuits
was suggested and demonstrated in Ref. 30. The EMP is con-
verted (o a receiving mode and acts as a local microwave
pickup. The image in a receiver mode of an excited mi-
crostrip at 8.5 GHz was taken. The image shows clear mi-
crowave standing wave excitation on the microstrip. Stein-
hauer et al. [31] measured the resonance frequency of their
EMP as a function of surface resistance in the range 58 /(]
to 42 K2 /00 . The sample consisted of a variable-thickness
thin-film of oxidized aluminum on glass subtrate.

5.4. Biological and medical applications

The moisture-content map of a small region of a plant leaf
was obtained using a EMP in Ref. 34. Some basic features
ol the leaf, seen on an optical image, could be seen also
on the MW image. In the same work, higher moisture con-
tent regions in balsa wood was also imaged clearly. Pol-
ished specimens of control and trabecular bone of a human
femur were imaged using an EMP [32]. For comparison the
samples were imaged using scanning acoustic microscopy
(SAM). The imaging was done (in both cases) maintaining
the samples in a fluid environment. (demonstrating the fea-
sibility of imaging through a liquid with an EMP.) Results
show the possibility of imaging at the same time the elastic

and electrical properties of skeletal tissue at the micrometer
level. In the same work the image of the cross section of a hu-
man tooth was obtained. The authors speculated on the pos-
sibility of detecting incipient caries without obvious clinical
nor radiographic manifestation. Of course, EMP may be ap-
plied to other biological tissues, such as skin, cartilage, etc.
In general, water and mineral content (such as Nat and K*),
being important biological constituents can affect the dielec-
tric constant and conductivity.

5.5. Temperature variations

Variations in temperature of a resistive strip can be monitored
as a function of time in a point measurement using an EMP,
The mechanism is through variations in the local conductivity
due to a change in temperature. Experimentally a resolution
of 0.08°C was determined for the sample used in Ref. 36.
In the same work, transient heating of a photoresistor by a
40 mA pulse of current was monitored using an EMP. The
results of this work indicate the capability of an EMP to do
spatial and temporal thermography.

5.6. Novel physical and chemical sensors

In Ref. 37 an EMP was used to monitor the resistivity of a
Pd film on a cantilever as a function of Hydrogen concentra-
tion. The resistivity changed by 13.5% at 3.0% concentration
of Hy and it resulted in a change of 18% of the EMP sig-
nal. Hydrogen concentration in the range 0.01% to 4% could
be detected. As the Pd film absorbs Hs it expands and the
cantilever beam deflects downwards. Such deflection could
also be detected by the EMP. The EMP with an appropri-
ate frequency can also be used to resonantly detect physi-
absorbed molecules at the surface of an appropriate material
as well. The performance of an EMP as a displacement sen-
sor (displacement of a cantilever) was addressed in detail re-
cently [38]. Displacement sensing in the range 0.01 zm to
5 cm is possible.

Point sensors are of interest because it could be possi-
ble to integrate a large number of them into a reasonably
sized sensor panel. Selectivity and stability problems may be
solved using signal processing of all sensor outputs. This, by
the way is the solution nature has chosen in biological crea-
tures. For point sensors using EMP to be practical it would be
needed to integrate the whole EMP into a single chip. EMP
have been fabricated on high-resistivity silicon using stan-
dard “lift-off” photolitography processes [39]. The @ factors
of the fabricated resonators was very high (= 13000). This
may enable integration of arrays of EMP and silicon can-
tilevers for point chemical or physical sensors.

6. On the transverse spatial resolution
The transverse resolution of the probe will clearly depend on

the tip’s diameter D;. Assuming that the distance to the sam-
ple d is much smaller than D, the field lines will be very in-
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FIGURE 6. Assumed distribution (to a first approximation) of the
normal component of the electric field at the sample’s surface.

tense just below the tip and its magnitude will decrease
rapidly with distance. The effective area A, is close to the
transverse area of the tip if d; < D;. Thus, the spatial trans-
verse resolution of the probe will be in the order of D;. Recall
that we are assuming a flat end of the tip. Thus, the spatial
resolution will be increased by tapering the tip to achieve a
smaller D;. Recently Gao et al. [40] considered the imaging
of dielectrics with the tip as a conducting sphere and showed
that the spatial resolution can be one or even two orders of
magnitude less than the radius of the tip’s sphere.

Other concern is the penetration depth of the electromag-
netic field within the sample. On the one hand it is impor-
tant if subsurface features are of interest. This, by the way,
may be a very attractive feature of EMP. But on the other
hand, the spatial transverse-resolution should be related in
some manner to the penetration depth. In general we may ex-
pect that the spatial transverse resolution cannot be apprecia-
bly smaller than the penetration depth of the electromagnetic
field in the sample. Continuing with the same tip model, the
penetration depth is related to d.g, the effective length of the
integration path inside the sample in (10). If the tip diame-
ler D, (see Fig. 3) is much smaller than the inner radius of
the conducting ring D;, the field lines will be of largest mag-
nitude just below the tip. As we move along the field line
towards the ring, the field magnitude will decrease rapidly
(consider the dashed field line in Fig. 3). Thus, the main con-
iribution to the integral comes from the first portion of the
ficld line.

In the case of a good conductor (displacement current can
be neglected), the field magnitude decays exponentially in-
side the sample. The decay constant being the “skin-depth”,
§ = /2/wuo, where p is the permeability of the sam-
ple [44). In this case, deq will be in the same order of magni-
tude as §. In the case of dielectrics, deg Will be in the order of
the decay distance of the evanescent fields. To get an idea of
the penetration length in this case, we may consider the plane
wave expansion within the sample of the normal component
of the electric field F,,. Simplifying things, o a first approx-
imation the normal component of the field just below the in-
terface of the sample is assumed distributed as illustrated in
Fig. 6. For case of illustration, let us consider a two dimen-
sional situation, i.e., E, = En(z) in what follows. Recall
that £, () is proportional to the surface polarization charge
on the dielectric. Thus the integral of Ey, ()
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FIGURE 7. Decay of the normal component of the electric field,
E,. (curve b), and its square, |E.|* (curve d), below the cen-
ter of the tip (z = 0) as a function of z inside the sample. The
curves exp (—z/D;) and exp (—2z/Dt) are shown for compari-
son (curves a and ¢ respectively).of the tip (z = 0) as a function of
z inside the sample.

along « is zero if the dielectric is to remain electrically neu-
tral as a whole. Then, by Fourier transforming E,(z) de-
picted in Fig. 6, and writing the inverse Fourier transform,
with exp [j/csk2 — k2z] multiplying the Kernel, one ob-
tains an expression for the field E,, (x, z), below the sample’s
surface. Whenever k2 > =,k the square root is imaginary
and the contribution to the integral is an evanescent wave
(exponentially decaying). The field just below the center of
the tip (¢ = 0) as a function of = (within the sample) is
found from integrating the inverse Fourier transform with the
Kernel evaluated at = = 0. Neglecting the term ¢3k7 inside
the square root (electrostatic limit) the integral to be done is
found in published tables of integrals. We get

En(z =0,2)= 25, {t;m_l (&)
T 2z
D, e Dy _1 (B
A—D_Ug-—'j [fr\.ll (E) — tan E . (25)

In Fig. 7 we plot E,, / E.. from (25) as a function of z/D; for
D, = 200 D; and D; = 50 Dy (curve b). The curve is practi-
cally insensitive to the values of D, and D; once D, is larger
than about 50 times D; (and D; < D; < D,). Thus, the
curve is basically the same for other values of D; and larger
values of D,. The curve for exp (—z/Dy) is shown for com-
parison (curve a). The square of the corresponding curves is
also shown (lower curves, d and ¢ respectively). From the fig-
ure we see that the field E,, has decayed to 0.3 times its value
at the surface of the sample at = = D;. The field energy den-
sity (proportional to E2) has decayed 90% at = = D,. Thus,
the simple model above predicts a penetration length in the
order of the tip’s diameter. In aeneral, the penetration length
will be the smaller between the skin depth 4 and the evanes-
cent field penetration ¢ obtained from (25). The possibility
of imaging subsurface structures will be determined by the
penetration length. It is clear that there is no dependence of
the transverse spatial resolution on the wavelength when the
tip-sample distance is smaller than the tip’s diameter, since
the field pattern is practically of electrostatic nature.
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There will be limitations to reducing D, for different rea-
sons. On the one hand, reducing the diameter of the tip in-
crease the resistivity of the tip itself. On the other hand, re-
ducing the aperture’s diameter on the shielding ring (D),
may result in unwanted coupling between the inner and outer
conductors forming the transmission line. Both effects would
tend to reduce the @ of the resonator and thus the sensitiv-
ity and resolution. Of course, the tip geometry and the tip-
sample interaction should be addressed in more detail and
more laborious models should be studied in the future to an-
swer quantitatively the fundamental questions on the EMP
and the quantitative interpretation of the imaging.

6.1. Enhancing resolution
6.1.1. Syncronous detection

The signal in a EMP is affected by low frecuency noises
which tend to be larger. An interesting possibility for a more
sophisticated detection scheme is to vibrate the sample (or
the tip) at a fixed frequency. The tip-sample distance being
then an harmonic function of time. The resulting AC signal
has an amplitude proportional to the first derivative of the
coupling capacitance with respect to the tip-sample distance.
This first derivative is a stronger function of distance than the
capacitance. On the other hand the signal’s amplitude can be
measured synchronously using a lock-in amplifier reducing
considerably the effect of random electrical noise, which is
the dominant noise in EMP. This detection scheme has al-
ready been used showing an improvement in resolution [35].

6.1.2. Deconvolution algorithm

A simple deconvolution method was developed in Ref. 42
and used to sharpen the images taken with an EMP. The de-
convolution of EMP images improved the spatial resolution
by at least a factor of 2 in cases in which the inherent spa-
tial resolution was very high (0.4 um) and by a factor of 4
when the resolution was low (40 pm). The method is based
on measuring the spatial impulse response (or point spread
function) of the probe. Assuming that, to a good approxima-
tion, the EMP image is the convolution of the experimental
spatial-impulse response, this function is used to deconvolve
the image. These results give motivation to improve the cur-
rent models of the tip-sample interaction and tip design.

6.1.3. Analytical tools

Numerical schemes (such as finite difference methods) are
useful tools in modeling the tip sample coupling. However,
when dealing with two-dimensional problems, numerical cal-
culations require excessive computer memory. Additionally,
numerical schemes do not provide much physical insight into
the problem. Analytical approximate results can be very use-
ful when dealing with real two-dimensional structures and

can provide better accuracy with much less effort. Further-
more, analytical results may provide, in some cases, inverse
algorithms for image interpretation and spatial resolution en-
hancement.

When accurate to model the tip as a conducting sphere
and the sample’s surface as flat, simple analytical results can
be obtained [40]. However, for very-high resolution, in which
d, < Dy, it may be more appropriate to model the sensing
region of the tip as a flat electrode with some protrusion actu-
ally functioning as the tip and a rough surface of the sample.
In this case, few analytical tools have been developed. Re-
cently the problem of a capacitor with a rough electrode has
been addressed. Analytical results that may allow to calculate
accurately the capacitance have been studied based on a per-
turbative solution to the boundary integral equations [43], and
extensions have been sought using a simple approach sug-
gested by the Padé-approximation method [44]. Until now,
only one electrode has been considered rough. It is necessary
to extend the work to the case of two rough electrodes with a
clear protrusion working as the tip. Also, it will be necessary
to extend the work to deal with one rough electrode, a rough
dielectric interface and a flat electrode. These extensions are
in principle possible and should be studied in the future.

7. Summary and final comments

We presented an overview of the development and present
state of development of the Evanescent Microwave Probes
and their use in microscopic characterization of materials.
The EMP is a novel non-destructive non-contact tool for the
characterization or sensing ot insulators, semiconductors and
metals. EMP can obtain a two-dimensional image of the mi-
crowave properties of materials with very high-resolution.
Images of the topography and subsurface features can be ob-
tained as well. The EMP compliment other microscopy tech-
niques in the range of sub-micron to millimeter resolution.

Among the principal attractive features of these probes is
their relative simplicity, the lack of time consuming sample
preparation, wide range of spatial-resolution (submicron to
millimeter resolutions), fast scan rates, and high sensitivity to
electrical parameters of the sample. Among the most attrac-
tive capabilities of these probes are: Non-contact surface re-
sistance measurement and imaging of cold and hot surfaces,
novel biological and medical applications, and sub-surface
imaging of defects in metals.

Theoretical modeling of the tip-sample interaction for
the quantitative interpretation of images and for improving
the tip designs for each application should be a line of fur-
ther research. An evaluation of the different signal process-
ing schemes proposed to date should be also of interest, as
well as proposing new techniques. No fundamental resolu-
tion limit has been formulated to date, and more analysis in
this respect is needed. Spatial resolution in the few nanometer
range are expected to be possible in many cases.

EMP may also be regarded as the core for a new class of
sensors. Integration of microwave resonators with electronics
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in a single chip is already under investigation and may open
a wide range of possibilities in creating new sensors and pan-
els of sensors for chemical and biological applications. Many

i

new applications of EMP are still awaiting to be explored.
As with most near field probes, new technical and theoretical
issues will arise with new applications.
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