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The near-field scanning microwave microscope (NSMM) can quantitatively image materials
properties at length scales far shorter than the free space wavelength (\). Here we report a study of
the effect of tip geometry on the NSMM signals. This particular NSMM utilizes scanning tunneling
microscopy (STM) for distance-following control. We systematically examined many commercially
available STM tips and found them to have a conical structure on the macroscopic scale, with an
embedded sphere (of radius rgy..) at the apex of the tip. The gy, values used in the study ranged
from 0.1 to 12.6 um. Tips with larger rgpee show good signal contrast [as measured by the
frequency shift (Af) signal between tunneling height and 2 um away from the sample] with
NSMM. For example, the tips with rg,p.=8 um give signal contrast of 1000 kHz compared to
85 kHz with a tip of rgpee=0.55 um. However, large rgyper tips distort the topographic features
acquired through STM. A theoretical model is used to understand the tip-to-sample interaction. The
model quantitatively explains the measured change in quality factor (Q) as a function of height over
bulk copper and silicon samples. © 2006 American Institute of Physics. [DOI: 10.1063/1.2234801]

I. INTRODUCTION

Near-field microscopy techniques have been used to
break the conventional far-field Abbe’s limit in the spatial
resolution of an image1 formed with electromagnetic waves.
Near-field microscopy has been done at opticalz’3 and
microwave™*” frequencies. In a typical experimental setup,
the distance h between the probe and sample is much less
than the free space wavelength A. Even when the condition
h<<\ is fulfilled, the spatial resolution can be improved fur-
ther by bringing the probe closer to the sample (in a nonde-
structive fashion) to enhance the field localization. The scan-
ning tunneling microscope (STM) has been an important tool
in this regard, since it allows the probe (or the tip) to be
brought to a nominal height of 1 nm above the sample
nondestructively.6 Here we systematically examine the effect
of tip geometry on both the NSMM and STM images in a
combined microscope and present a model consistent with
the data.

The previous attempts to integrate the microwave micro-
scope with STM can be put in three broad categories. The
first class of combined microsc:ope,L12 integrates the STM
with near-field microwave transmission measurements. In
this case, the sample is uniformly illuminated with a fre-
quency of interest and an antenna (in the near field) picks up
the signal for measurement. The same antenna is used as the
STM tip. The major accomplishment here was in understand-
ing the effect of surface topography on the complex trans-
mission coefficient.'? An experiment was performed on a
7 nm thick Pt/Carbon film on a Si/SiO, substrate. There was
a 2 nm deep depression in the Pt/C film, and as the STM
scanned across the depression, the frequency shift signal
showed the same qualitative response as the topography. To
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demonstrate high resolution of such a microscope, contrast
due to monoatomic steps in Cu(111) surface was imaged.10

The second class of combined microscopf:s13_17 inte-
grates the STM with a resonant microwave cavity. The
sample is generally inside the resonant cavity, and the tip (to
perform STM) is brought into the cavity through a hole made
on one of the walls of the cavity (the hole dimension is much
smaller than the wavelength of incident microwaves). Micro-
waves are injected locally into the sample at a frequency that
is resonant with the cavity. One can also send in microwave
signals at a frequency that is exactly one-half or one-third of
the resonant frequency of the cavity.16 Harmonics produced
locally by the sample will then excite the cavity resonance. A
loop antenna is set somewhere in the cavity where the mag-
netic field of the resonant mode is maximum to pick up a
transmitted or generated signal. Notable accomplishments
are studies of different metal surfaces to show high resolu-
tion images of the third harmonic signal. In one case self-
assembled monolayers (made from mixture of chemicals
perflourononanoyl-2-mercahptoethylamide) on a gold sur-
face were studied to show high z resolution,'* and in another
a WSe, surface was studied to show high spatial resolution'’
in the third harmonic signal while simultaneously an STM
topography image was acquired.

The third class of combined microscopes couples an
STM tunnel junction with laser light. The tunnel junction is
illuminated with two fine-tuned optical frequencies. The non-
linear IV characteristic of the tunnel junction is used to detect
the rectification signal, the sum, and difference frequencies.
This technique is used to detect higher harmonics as well.
One notable experiment performed with such a setup is to
simultaneously acquire the tunneling current and the differ-
ence frequency signal (Aw) over a graphite surface.”’ The
Aw signal was also used for distance control over the surface
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FIG. 1. Schematic of the transmission line resonator-based STM-assisted
NSMM. A bias tee is included to couple the STM feedback circuit to the
center conductor of the resonator. The FFC keeps the source locked onto one
resonant frequency of the resonator. Three independent quantities are mea-
sured: STM topography, resonator quality factor (Q), and the frequency shift
(Af), shown in boxes.

to construct a topography image. Another notable experiment
[in which a scanning force microscope (SFM) was used]
measured the Aw signal on a pattern of small metal islands
(gold) which was on top of a nonconducting BaF,
substrate.”’ A qualitative map of conductivity was made to
distinguish between conducting and nonconducting regions.

The above work is important; however, it lacks the abil-
ity to quantitatively extract and understand the materials con-
trast. In order to overcome this shortcoming, we describe a
near-field scanning microwave microscope (NSMM) which
uses STM for distance following. The resonator for this
NSMM is made up of a transmission line, and quantitative
materials contrast with this type of microscope has already
been discussed®” in the literature. Our goal with this STM-
assisted experiment is quantitative high resolution materials
contrast for a similar microscope.

Il. EXPERIMENT

The unique feature of our NSMM (Ref. 23) (schematic
shown in Fig. 1) is the use of a transmission line resonator
made out of commercially available UT-085 coaxial cable.
The length of the resonator is 1.06 m, and on one end it
terminates at an open ended coaxial probe and on the other
end it is connected to a homemade decoupling capacitor (la-
beled decoupler in Fig. 1). The open ended coaxial probe is
just a piece of coaxial cable in which the center conductor is
replaced by a stainless steel capillary tube'” (of hollowed
inner diameter 0.005 in. labeled in the inset of Fig. 1). This
capillary tube holds the STM tip, which is also used to per-
form microwave microscopy. The bias tee (of typical band-
width from 0.04 to 18 GHz) permits the use of the same tip
for both microscopes. The inductor of the bias tee allows one
to connect the STM feedback circuit to the inner conductor
of the transmission line resonator. The same inductor damps
out the ac (microwave) signal from interfering with the op-
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eration of the STM. The capacitor of the bias tee stops the dc
signal from reaching the microwave circuit, and this capaci-
tor is in series with the decoupling capacitor. The value of
bias-tee capacitor is at least an order of magnitude higher
than the decoupling capacitor, so the effective capacitance
for the microwave signal is that of the decoupling capacitor.

The transmission line resonator is connected via the di-
rectional coupler to the microwave source and the diode de-
tector (HP 8473C diode detector with bandwidth of
0.01-26.5 GHz), and the output from this detector is sent to
the two lock-in amplifiers referenced at the external oscilla-
tor frequency f.q- The microwave source is frequency
modulated at a rate of f,,,q as well, and with the help of a
feedback circuit (FFC in Fig. 1), the source is kept locked at
the resonant frequency of the resonator.”> One lock-in ampli-
fier is part of the frequency following circuit’® (FFC) (as
shown inside the dashed box). The output of this lock-in
amplifier is integrated over time to measure the frequency
shift (Af) of the transmission line resonator. The lock-in am-
plifier outside the dashed box in Fig. 1 picks up the signal at
twice fioq (labeled as V,,in Fig. 1) which gives a measure of
the quality factor® (Q) of the resonator. The Af and the £,
signals from the oscillator are added together and sent to the
microwave source (to keep it locked at the resonant fre-
quency of the resonator), and this completes the microwave
feedback circuit. Over time, we used many different micro-
wave sources, including unsynthesized WaveTek 904,
WaveTek 907 sources, and later synthesized (for better signal
stability) HP83620B and Agilent 8257E sources.

The commercially available STM used was the Cry-
0SXM manufactured by Oxford Instruments. This commer-
cial package included a STM head assembly, electronics,
software, and a cryostat. The STM head assembly, probe
arm, electronics, and software combined together are called
TOPSystem3 (or TOPS3). The Oxford cryostat has the abil-
ity to vary the sample temperature from about 4.2 to 300 K.
The sample for the experiment sat on the XYZ piezostage of
this STM. With the STM tunnel junction established, the
nominal height of the tip above the sample is 1 nm.® As a
result the STM/NSMM probe scans across the sample non-
destructively. There are three independent signals collected
from this integrated microscope, which include the fre-
quency shift (Af) and Q of the resonator (due to variations in
the local microwave properties of the sample) and the topog-
raphy of the sample. A simple circuit model (for a sample
with dominant Ohmic losses) includes the probe-to-sample
capacitance (C,) and the sheet resistance (R,) of the sample
(Fig. 1, inset). This particular microscope has a lateral spatial
resolution in C, of at least 2.5 nm.”

The interaction of the tip and sample for the STM-
assisted NSMM is nontrivial. The geometry of the tip can
have a significant effect on the quality of the signals from the
integrated microscope. In Fig. 2, we show optical and SEM
micrographs of a set of commercially available tips used in
our experiment. The tips reported here are from two compa-
nies, Materials Analytical Services®® (MAS) and Advanced
Probing Systems27 (the commercial name for each tip starts
with “WRAP”). The MAS tip is Pt/Ir while the WRAP tips
are Ag coated W tips. The first two columns of the figure
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FIG. 2. (Color online) Optical and SEM micrographs of different commer-
cially available STM tips. Optically, the conical nature of the tips is clear
(the first two columns). The optical column 1 is at a magnification X 10 (of
objective lens) and the optical column 2 is at magnification of X40. The
third column shows SEM micrographs of the same tips to clarify the em-
bedded sphere at the end of each conical tip.
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present optical micrographs (second column is at higher
magnification) of the tips, and the third column shows scan-
ning electron microscope (SEM) images of the tips. From the
optical pictures, we make the observation that all of the tips
have an overall conical geometry. In the case of the MAS
tip,26 it actually shows multiple cones embedded one into
another. However, the very end of the tip can be envisioned
as a sphere embedded at the end of a cone (shown in the
SEM column of Fig. 2).

The estimated radius of the sphere (ryyere) for different
tips is given in Table I, and it varies from 100 nm to 8 um.
The larger values of 7y clearly help in getting larger Af
contrast over a given sample, since tip-to-sample capacitance
scales with rgpere, and the frequency shift scales with the
probe-sample capacitance. The reported frequency shift con-
trast (Af) in Table I is the frequency change measured be-
tween the tunneling height and 2 wm away from the various
samples. For example, above the thin film of gold on glass,

the Af is 35 kHz with the MAS tip (rppere of 100 nm), and

above the same film the Af is 1275 kHz with the WRAP30R
tip?’ (7sphere Of 8 um). Similar trends are seen above thin film
of gold on mica and bulk copper samples. We find that this

Af increases roughly exponentially (for a given sample) with
increasing rgppere Of different plrobes.6 Such results argue that
good NSMM signal contrast is associated with tips with
large rppere- However, such tips are not necessarily good for
STM.

Figure 3 shows the STM topography imaging done with
three different tips for a standard nickel compact disk (CD)
master sample used for calibration purposes of STMs and
atomic force microscopes (AFMs).28 The sample is a 0.3 mm

thick nickel disk, which has the diameter of 6.3 mm. The

TABLE 1. Summary of results from the tip study used for the STM-assisted NSMM. The Af is defined as
contrast in Af from tunneling heights above the sample to 2 um (maximum retraction height of the z piezo of
the STM) above the sample, i.e., Af=Af(2 um)—-Af(1 nm).

Af
Contrast Contrast
Contrast above above
Brief Radius of  over bulk gold on gold on STM
description curvature copper glass film  mica film topography
Company name of tip (Fphere) (kHz) (kHz) (kHz) quality
Materials Analytic Platinum- 100 nm 65 35 21 Good (gold on
Services (MAS) iridium mica)
etched tip
Advance Probing  Ag coated W 130 nm 45 40 55 Underestimates
Systems (APS) etched tip the feature size
WRAP178 (Ni CD master
sample)
Advance Probing  Ag coated W 550 nm 85 135 40 Good (many
Systems (APS) etched tip samples)
WRAP082
Advance Probing  Ag coated W 5 pum 300 1150 300 Doubles feature
Systems (APS) etched tip size (Ni CD
WRAP30D master sample)
Advance Probing  Ag coated W 8 um 1000 1275 1100 Doubles feature
Systems (APS) etched tip size (Ni CD
WRAP30R master sample)
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FIG. 3. (Color online) STM topography images of a CD master sample from
three different tips: WRAP30D, WRAPO082, and WRAP178. The WRAP082
is the best compromise for both STM and NSMM. An AFM image of the
CD master is added for reference, where the manufacturer claims the fea-
tures are 100 nm high.

features are 100 nm in topography and the pitch is 740 nm.
As can be seen in Fig. 3, the topography of 100 nm is well
reproduced by all three tips; however, the pitch of 740 nm is
not reproduced well by WRAP30D tip (compared to the
AFM image in Fig. 3). The WRAP178 reproduces the pitch
well; however, it makes the boundaries of the features very
“ragged.” The WRAPO82 reproduces both the topography
and the pitch very well. The WRAP30D has rgere 0f 5 pm,
and at the pitch of the nickel sample, it probably produces
multiple tunneling sites during a scan which distort the size
of the features laterally. On the other hand, the WRAPO082
(Fsphere=550 nm) and WRAP178 (rgypere=130 nm) reproduce
the expected images. The “raggedness” of the features with
WRAP178 may be due to mechanical vibrations present in
the lateral direction, associated with the thin geometry of the

@ — ® —
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tip (see Fig. 2) and its unusually long projection from the
capillary tube. Besides, the tip-to-sample capacitance (C,) is
very small with WRAP178, so overall the WRAPOS2 tip
makes a good compromise for both microscopes.

lll. MODEL OF TIP-SAMPLE INTERACTION

Since the nominal tip-to-sample separation during scan-
ning is 1 nm, contributions from evanescent waves must be
part of the theoretical model to calculate the measured quan-
tities, i.e., Af and Q of the NSMM. For the transmission line
resonator-based NSMM, transmission line models™* and
two-dimensional (2D) electrostatic numerical models® have
already been discussed in the literature. In this paper, we
discuss a full-wave model, which gives insight into the high
spatial resolution of this microscope and includes contribu-
tions from evanescent waves. We discuss this quantitative
model and use it to calculate the Af and Q of the resonator
when a sample is present.

The first step to understand the tip-to-sample interaction
is to use the model of a conducting sphere above an infinite
conducting plane (sphere above the plane as shown in Fig.
4). The geometry of the model is similar to others discussed
before;zg’30 however, this time, in order to calculate the
fields, the sphere will be replaced by an oscillating infinitesi-
mal vertical dipole3 132 of electric moment Iy€, where I is
the dipole current and ¢ is its length. The strength of this
model lies in providing the complete electromagnetic field in
the region3l’32 between the tip and the sample. The essential
length scales in the problem are the sphere radius R, and
height & of the sphere above the plane. The model is moti-
vated by the presence of the embedded sphere at the very end
of the tip (see SEM column of Fig. 2).

The geometry of the model is shown in Fig. 4, and in
Figs. 4(a) and 4(b) we schematically show the electric E and
magnetic B fields, respectively (a cylindrical coordinate sys-
tem is used with z being positive into the sample). The elec-
tric field at the sample surface is in the Z and p directions and
magnetic field is in the ¢ direction. The probe is now mod-
eled as a sphere of radius R, and this sphere will be replaced

N FIG. 4. Schematic diagram to show
N the directions of (a) electric and (b)
magnetic fields due to the sphere. Note
that the z direction is positive into the
sample. Part (c) shows the effective
height of the dipole above the sample
while in (d) the vertical dipole re-
places the sphere.
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FIG. 5. (Color online) Calculated dissipated power (solid curves left y axis)
over different samples as a function of height, as calculated from the vertical
radiating dipole model. The calculation is performed for a frequency of
7.67 GHz, 1,0=0.53% 101 A m, R, of 76 nm, and for three samples char-
acterized by their skin depth (conductivity). Stored energy in the sample
(dashed curves right y axis) vs height of the vertical dipole above the same
samples. Note that the saturation starts to appear when i~ R,,.

by an infinitesimal vertical dipole, located at the center of the
sphere, as shown in Fig. 4(d). For our experiment, the verti-
cal dipole will always be a distance h+R, away from the
sample surface [Fig. 4(c)].

We follow the convention of the vertical radiating dipole
model,”"** where the region of the material (sample region)
is labeled 1 and the dipole (probe) is in region 2. This model
considers an infinitesimal oscillating vertical electric dipole a
distance h above the planar interface between regions 1 and
2. Region 1 is described by wave vector k;, dielectric con-
stant &, and conductivity o, whereas region 2 is described
by wave vector k,, dielectric constant €,=g, and conductiv-
ity 0,=0. In order to calculate the microscope properties Af
and Q, the stored energy and the power dissipated in the
sample must be calculated. The dissipated power (Pgissipatea)
and stored energy (Ugmpie) inside the sample are calculated
using the integrated Poynting vector Ipyyning=(1/240)$s(E
X B")-da, where the integral is performed over the planar
interface between media 1 and 2. The real part of the /,qyying
gives the dissipated power (Pissipatea) and the imaginary part
gives 2w times the stored energy (Ugympie) in the sample.”

The plot of dissipated power versus height calculated
from this vertical radiating dipole model for several different
samples is shown in Fig. 5. The important features to note
are that the dissipated power increases two ways: one, as the
vertical radiating dipole is brought near the sample of given
skin depth & (which is a measure of conductivity of the ma-
terial) and, two, at a fixed height when the resistivity of the
sample increases (increasing 8). The saturation that is seen in
the curves as i goes to 1 nm is due to the fact that actual
height of the vertical dipole is h+R, [Fig. 4(c)] and will be
discussed shortly. This is very similar to the saturation in the
frequency shift signal that we reported earlier,” which shows
that the near-field signal is sensitive to another length scale
besides the height of the probe above the sample. We dis-
cussed earlier’ that this additional length scale can be ex-
plained by adding a small irregularity at that end of the probe
(experimentally a “particle” sticking to the probe) which il-
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luminates the sample. Here this additional length scale
comes from the sphere which hosts the vertical dipole [Fig.
4(d)]. The change in quality factor (Q) of the resonator due
to the sample is calculated from this dissipated power as

Pdissigated ( 1 )

k]

1
QO w Uresonator

Q=

where Ul egonaior 1S the stored energy in the resonator, the
sample, and the coupling fields between them and Qy is the
resonator quality factor in the absence of a sample. Equation
(1) implicitly assumes that there is no change is dissipated
power in the probe and microscope as the height & is
changed.

The stored energy in the sample (Ugympe) ranges roughly
from 1072* to 107! J and is plotted as dashed curves in Fig.
5 (right y axis). We see that the stored energy in the sample
in all cases is increasing as the height of the vertical dipole is
reduced. This is expected from the field equations31’32 which
show that the fields increase as we reduce the height of the
vertical dipole above the sample. Again, the saturation be-
gins at 1~ R, since the sphere of radius R, hosts the vertical
dipole.

The magnetic and electric fields at the surface of the
sample can help us understand this saturation at 1~ R, even
better. In Figs. 6 and 7 the surface fields B, ¢Z=0(T) and
Ezpzzo(V/ m) are plotted, respectively, as a function of radial
position p in units of h+R(. These two fields are used to
calculate the dissipated power and stored energy in the
sample, and here they are shown for the case of a bulk cop-
per sample. As can be seen clearly from the inset of the
figures, the fields are maximum at p/(h+Ry)=1 and go to
zero linearly as p goes to zero. As the figures show, the
surface field strengths also increase as / is decreased while
Ry is kept fixed at 76 nm. In Fig. 6, the maximum B, ¢Z=0 is
1.5X 1078 T at h=1 nm for the case of Ry=76 nm. If R, is
set to 0 (not shown in Fig. 6), the maximum B, ¢z=0 strength
is 82X 107 T at h=1 nm. Similarly in Fig. 7, the maximum
E2pZ=0 is 0.0003 V/m at h=1 nm with Ry=76 nm as com-
pared to 0.022 V/m at h=1 nm with R set to 0. The field
strengths are reduced by about two orders of magnitude for
the situation when the dipole is hosted by a sphere of radius
Ry. This in turn affects the dissipated power and energy
stored in the sample, which is shown as the saturation seen in
Fig. 5.

The energy stored in the sample is the lowest in the case
of copper, as it is the closest to the case of a perfect metal of
the three samples shown in Fig. 5. The frequency shift of the
microscope due to a metallic sample (Af) can be calculated
as the ratio of stored energy in the sample and between the
tip and the sample, compared to the total energy stored in the
resonator, given by the equation

1 2
Usample + 2 CxV

s

A
=

Uresonator

where V is the tip-to-sample potential difference. In the next
section we compare the model results with data.
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FIG. 6. (Color online) Azimuthal component of mag-
netic field at the sample surface B, df:() from the vertical

dipole model for different heights as a function of radial
distance p normalized to h+R,. The sphere radius R,
=76 nm for all curves. The inset shows the same fields
on a log-log plot, demonstrating that the maximum
strength of the field is at the point p/(h+Ry)=1.
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IV. EXPERIMENTAL RESULTS AND COMPARISON TO
MODEL

We find from the calculation that the energy stored in-
side the samples considered here (copper and silicon) is
~1072*-107'7 J, which is much smaller than the energy
stored due to capacitance between tip and a conducting
sample (%CXV2~O.3 X 107135 J). Hence, the major contribu-
tion to Af comes from the capacitance term (energy stored in
electric fields between the tip and the sample), and this has
been discussed earlier.”?

However, for the Q, the results are nontrivial, and in Fig.
8, we plot the calculated resonator quality factor (Q) as a
function of height and compare it to the data taken over a
bulk uniform silicon wafer and bulk copper. The silicon wa-
fer is n type with nominal resistivity p=20 ) cm at room
temperature and thickness of 550 um. The calculation has
been performed for the cases of copper (6=0.75 wm) and
silicon (6=2570 um) at 7.67 GHz. The Q (resonator quality
factor with sample present) is calculated using (1), where Q

is the experimentally determined quality factor when no
sample is present. The data on a bulk silicon wafer are in
good agreement with the model calculation, where the two fit
parameters [€=0.53 X 107" Am and Ry=76 nm. The cal-
culations predict that the drop in Q upon approaching the
sample is higher for larger sample skin depth 6. A low loss
bulk copper case (data and fit to §=0.75 um and the rest of
the parameters are the same as for bulk silicon) is also
shown. The data on a bulk copper sample demonstrate the
fact that we do not see any significant Q(h) contrast in a low
loss bulk sample. Hence, the silicon and copper data together
demonstrate that the quality factor is sensitive to a materials
property of the sample.

We have also performed experiments on thin films, and
in this case the field and current distributions in the sample
can be substantially different from the bulk case (hence the
model discussed above is not applicable). Here we present
data for thin films in the high and low limits of sheet resis-
tance. An example of the image data on a laterally inhomo-
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FIG. 7. (Color online) Radial component of electric
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field at the sample surface E, = from the vertical di-
pole model for different heights as a function of radial
distance p normalized to h+R,. The sphere radius R
=76 nm for all curves. The inset shows the same fields
on a log-log plot, demonstrating that the maximum
strength of the field is at the point p/(h+R)=1.
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FIG. 8. (Color online) The Q (resonator quality factor with the sample
present) is calculated using 1/Q"~1/Qy=Pggsipatca’ ©@Uresonators a0d @, Oy
(experimentally determined quality factor when no sample is present),
U esonator (stored energy in the resonator is 0.6 X 107'? J at an input power of
1 mW), and Pyigipaceq in the sample are all known quantities. The data on a
bulk silicon wafer are in good agreement with the model calculation, where
the model parameters are frequency of 7.67 GHz, 6=2570 um, I,¢=0.53
X107 Am, and Ry=76 nm. Comparison of calculated Q with the data
performed with the WRAPO82 tip. A low loss bulk copper case (data and fit
with 6=0.75 um and all other parameters are the same as those of bulk
silicon) is also shown.

geneous colossal magnetoresistive (CMR) Lay 47Cag 33MnO;
thin film**** on LaAlO; substrate is shown in Fig. 9. The
images are 530 nm square and all three images were ac-
quired simultaneously. The STM was operating in constant
tunnel current mode, with a bias of 1 V on the sample and
tunnel current set point of 1 nA. Figure 7(a) shows the STM
topography of the sample, and Figs. 9(b) and 9(c) show reso-
nator quality factor (Q) and frequency shift (Af), respec-
tively. The nominal sheet resistance (R,) of the CMR thin
film is ~1 k{/[J, which is a high-R, film as compared to a
low-R, (R,~0.1 /) gold on mica thin film shown in Fig.
10.

In Fig. 10, we show simultaneously acquired images of
STM, Q, and Af on a thin film of gold on mica substrate.
This time only the Af image [Fig. 10(c)] shows correlation
with the STM topography image, while the V,;image in Fig.

350 355 360
Resonator Quality Factor

-131 -123 -115 -107
Topography (nm) Frequency Shift (kHz)
FIG. 9. (Color online) Simultaneously acquired Q and Af images for
Laj ¢;Ca 33MnO; thin film on LaAlO; substrate. The experiment was per-
formed at =240 K (below the Curie temperature for this particular sample)
using a WaveTek 907 source at a frequency of 7.67 GHz. The V,;,, for STM
was 1 V and tunnel current set point was 1 nA. The experiments were
performed with a Pt/Ir etched tip with geometry similar to WRAPOS2. Note
that the Q and Af images show contrast on the same scale as variations in
the STM topography image.

J. Appl. Phys. 100, 044304 (2006)
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101 150 200
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FIG. 10. (Color online) Simultaneous imaging of a gold on mica thin film
sample. The bias for the sample is 0.1 V and tunnel current set point is
1 nA. This is a room temperature experiment performed at 7.48 GHz with a
WaveTek 904 source. The V,, presented here is proportional to the Q (Q
=384) of the resonator, and the image is noisy because no changes in losses
are detected (the changes in Q are on the order of 0.1). The experiments
were performed with Pt/Ir etched tips with geometry similar to WRAPOS2.

10(b) (V,,~ Q) does not show any significant contrast. These
experiments raise two interesting questions: Why is it that
the spatial resolution of the NSMM is apparently no worse
than the STM itself,” despite the fact that the probe illumi-
nates an area at least on the order of rfphm with strong fields?
The second is why there is Q contrast only for the CMR thin
film and not the gold on mica thin film?

In order to understand these observations, we need to
refer to the simple model of tip-to-sample interaction (shown
in the inset of Fig. 1) which models losses in the sample as a
resistance R, in series with the tip-to-sample capacitance C,.
When the STM is in distance-following mode, the probe fol-
lows the topography of the sample. During distance follow-
ing, the NSMM sees changes in C,, which to first order
approximation6’23 dominates the frequency shift Af, resulting
in a strong correlation between Af and STM topography for
both samples. The spatial resolution of the NSMM signal is
much better than the probing length scale rppe, due to STM
distance-following contlrol,23 since it maintains a nominal
height of 1 nm above the sample.

However, the microscope Q is sensitive to the losses of
the sample (Fig. 8), and during scanning it gives a measure
of the local loss. Hence, we expect to see local loss varia-
tions in the high sheet resistance CMR thin film while we do
not expect any local loss contrast in the low loss gold on
mica thin film. There is already a good discussion in the
literature® of the experimental dependence of microscope Q
on R,, which predicts that for a low-R, (wC,R,<1) film the
Q contrast is small compared to high-R, films (wC,R, ap-
proaching 1).

V. FUTURE DIRECTIONS

Theoretical models. We have used the model of an elec-
trically small radiating dipole antenna near an interface be-
tween two semi-infinite media®'* to describe contrast from
a near-field microwave microscope. This problem offers a
full-wave self-consistent solution to Maxwell’s equations
(and it includes evanescent wave contributions) in both me-
dia. In this paper we only used this model for the limited
cases of bulk samples. The model can be extended to multi-
layered (thin film) structures and is already partially solved
for a three layer structure.’® However, questions have arisen
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about the near-field structure in the solution for King’s
dipole-above-the-plane model for lossy dielectric samples.37
Further investigation of the approximation‘”’36 made to de-
rive a closed-form expression for the electromagnetic field is
required.

We have found from the field equations31’32 that reducing
R, helps in increasing the magnitude and the spatial confine-
ment of the electromagnetic fields. Hence, for future work, it
is important to find out how the geometry of the probe relates
to the vertical dipole strength parameter /€, so that we can
design probes with enhanced loss sensitivity and decreased
confinement region of the fields.

Experiments. It is desirable in NSMM experiments that
high spatial-resolution techniques be extended to dielectric
(insulating) samples as well.*** For such samples, STM is
not a viable option for probe positioning. The atomic force
microscope (AFM) is better suited for distance following on
dielectric samples and AFM probes are also much more ro-
bust compared to STM tips, although quantitative imaging is
difficult to achieve.

V1. CONCLUSIONS

We have systematically studied different tips used for
STM-assisted NSMM imaging. The tips studied, in general,
have conical geometry with embedded sphere of radius ryhere
at the probing end of the tip. The larger rper. tips are good
for NSMM signal contrast; however, such tips distort the
STM topographic features. We find the WRAP082 geometry
(shown in Fig. 2) to be the best tip for both microscopes as it
does not distort the STM topographic features while it gives
good NSMM signal contrast.

In order to understand the tip-to-sample interaction, we
model the tip as a sphere of radius R, (this R is different
from the radius rgyer. of the embedded sphere at the end of
conical tip). The sphere of radius R is replaced by an oscil-
lating infinitesimal vertical dipole3 132 Jocated at the center of
the sphere of electric moment /€, where I, is the dipole
current and ¢ is its length. This simple model fits the data of
quality factor versus height for bulk copper and bulk silicon
(Fig. 8), with R and I,¢ as the fitting parameters. The model
suggests that minimizing R, will lead to greater concentra-
tion of fields on the sample surface and improve the quanti-
tative spatial resolution of the NSMM.
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