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Near-field microwave microscopy on nanometer length scales
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The Near-field scanning microwave microscdpessMM) can be used to measure ohmic losses of
metallic thin films. We report on the presence of an interesting length scale in the probe-to-sample
interaction for the NSMM. We observe that this length scale plays an important role when the
tip-to-sample separation is less than about 10 nm. Its origin can be modeled as a tiny protrusion at
the end of the tip. The protrusion causes deviation from a logarithmic increase of capacitance versus
a decrease in the height of the probe above the sample. We model this protrusion as a cone at the
end of a sphere above an infinite plane. By fitting the frequency shift of the resonator versus height
data(which is directly related to capacitance versus hgiffrtour experimental setup, we find the
protrusion size to be 3-5 nm. For one particular tip, the frequency shift of the NSMM relative to 2
um away saturates at a value of abett150 kHz at a height of 1 nm above the sample, where the
nominal range of sheet resistance values of the sample is 15318Gthout the protrusion, the
frequency shift would have followed the logarithmic dependence and reached a value of about
—1500 kHz. ©2005 American Institute of PhysidDOI: 10.1063/1.1844614

INTRODUCTION feedback circuit with a near-field scanning microwave mi-

N field mi d inf q hni h croscope(NSMM), described in detall elsewheteThis is
ear-field microwave and infrared techniques haveg a1 the other near-field microscopes utilizing STM to
proven useful for extracting material properties on the sur

concentrate rf and microwave electric fiefi&® We have
faces of many condensed matter systems for both fundamen-

tal and applied physic’s? For example, on the fundamental shown that our microscope is sensitive to the capacitange
physics side they have been used for quantitative imaging dfétween the probe and sample as well as to the material
dielectric permittivity, tunability, and ferroelectric polariza- Properties of the sample.

tion of thin dielectric films® On the applications side they The microwave microscope consists of a coaxial trans-
have been used to study electromagnetic fields in the vicinitynission line resonator coupled via a capacitor to the micro-
of active microwave deviceésin near-field measurements, wave source and feedback circliffhe feedback circuit
one often illuminates a probe with electromagnetic waveskeeps track of the changes in resonant frequency of the reso-
when the probe is held close to the surface of the samplgator(producing a frequency shift signalf) and the quality
This probe-to-sample separati¢d) is much less than the factor (Q) of the resonator. The probe end of the resonator

wavelength(h) of the incident radiation. As a result, the 5q 5 sharp metal tip sticking out of it, and this same tip is
electromagnetic fields are highly confined in space and ArBsed to do STM and microwave microscofsee inset of

very sensitive to probe-sample separation. Due to this e Fig. 1). A simple lumped-element model for the probe-to-

treme sensitivity, sample topography and probe geometry of- le int tion i 61 (tvoical val 10 fF at
ten become convolved with the material properties of theo@MPI€ INteraction is a capac % (typical value a

sample. For most purposes, the information of interest is th@ N€ight of 1 nmin series with a resistoR, in the case of
material property. In order to deconvolve the required infor-conducting samples. The capacitance between the outer con-
mation, it is important that the probe geometry and topograductor and sample is so large that it presents a negligible
phy effects are understood, so their effects can be eliminateémpedance. The resistor contains the material information of
The next important frontier of near-field measurementsnterest in this case. One can employ a transmission line
is to achieve a quantitative nanometem) resolution imag-  model for the microscopgin which case the sample appears
ing of material properties. One way of achieving high spatialas a complex impedance given By=R+1/iwC,. In the
resolution is to bring the probe to a height equal to the size ofimit ,C,R,<1, the resulting frequency shiftAf) is inde-
a few unit cells. This high spatial resolution is possible duependent of R, and is directly related toC, as Af/f,

to the extreme sensitivity of the electromagnetic fields O _~ /2c wheref. is the resonant frequency of the unper
X 01 0 -

height. We have achieved near-field electromagnetic micros- . : .
. . . . . urbed resonator ang, is the total capacitance of the micro-
copy by integrating a scanning tunneling microsc¢p&M) . _ . .
scope. In this case the microscope quality fa€ocontains

the loss information of the sample. The validity of this
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) ) ) ) ) FIG. 2. Tunnel currenfLn (I) wherel is in nanoampergvs Z position for
FIG. 1. Frequency shift relative to fn height of a coaxial microwave 5 STM tunnel junction between a PtIr tip and Au/mica thin-film sample.
microscope vs tip-sample separatiriThe sample is a boron-doped silicon 1he open squares are the data points and solid black line is the exponential

substrate. The tip WRAPOQ82 is used for measurements. The open circlgg with slope of -0.41 AL The bias on the film was 100 mV. The contact
show the frequency shiftAf) data, solid lines are\f values calculated  pgint is estimated USiNGoace Voad Reontact Where ReonactiS the expected

using capacitance values from the simple sphere above the plane modglgint-contact resistance of 12.9k This determines the distance of the tip
dashed lines araf values obtained from calculated capacitance values withyq e 1 nm above the sample.

a small cone added to a sphere of rad®ygs37 um. Inset shows a sche-

matic cross-section diagram of the very end of the microscope interacting

with the sample(not to scalg 277.47X10° Hz, andC, is on the scale of I8*F. This
gives the additional benefit that the microscope is sensitive

mainly to the probe geometry, sindd is independent oR,,

simple lumped-element treatment of the sample has been €35 mentioned earlier

tablished for conducting films with low sheet resistance, i.e., As mentioned earlier, for nanometer spatial resolution,

. . 11
in the limit oC,R,<1. the height of the probe above the sample should be on the

The probes we used are commercially available silvery,, o meter length scale as well. Here we estimate the probe-

coated tungsten tips. We find such tips to be good for botly, i 5je separation during constant tunnel current STM scan-
STM and NSMM. The measurement was performed On &ng  For a one-dimensional tunnel barrier between two

variably boron-dopean-type silicon sample, doped with the eta) electrodes, the tunneling currdndecays exponen-
focused ion beartFIB) technique'® The energy of the boron tially with the t;arrier width a, as lxe 2@ where
beam was 230 ke\/_, and it was used to dope a total area O—fVZm(VB—E) /#2 andE is the energy of the state aing is

10x10 um*. At this beam energy the depth of boron im- yhe parrier potential. For vacuum tunneling,-E is just the
plantation into silicon is approximately 100 nmAfter the work function of the metal® For platinum (Pt) the work
ion-beam deposition the sample was rapid thermal annealggl\ction is 5.65 eV, and is on the order of-1 A~L We first
(RTA) to 900 °C in nitrogen for 20 $5 s to ramp up the  gemonstrate vacuum tunneling with data for a Pt/Ir tip over
temperature, 10 s to anneal at 900 °C, andthes toramp  Ay/mica sample, shown in Fig. 2. The tunnel current shows
down the temperatuyeo activate the carriers. This produced 5 ¢lear exponential drop with probe-sample separation, hav-
a roughly uniform dopant concentration over a thickness jng a slope of 0.4 A, on the order of that estimated for Pt.
=100 nm. The area is doped in stripes with the same concerrhe 7z position of the surface is estimated from the extrapo-
tration along the 1@em length and varying concentration in |ated point-contact current which is calculated through
the perpendicular direction. The concentration varies from . =V, /R . Where V=100 mV and Regniact iS
10'%-1¢* ions/cn? (resistivity p=10-10° Q' m) across taken to be 12.9R.* This estimate yields a nominal probe-
this width, and there is a one to one relationship betweeample separation of 1 nm during STM scanning.
concentration and resistivity for boron doping in silic8rin Figure 1 shows representative data for the frequency
this geometry, the resistivity can be converted to a sheeghift versus height above a metallic sample between 1 nm
resistance given bR,=p/t (one can also writdR,=1/qup,  and several hundreds of nanometers. We are able to study the
whereq is the magnitude of the electron charge,is the  detailed dependence of frequency shift versus height in the
mobility of holes, andp is the dose of boron in ions/én  range below 100 nm. As shown by the data in Fig. 1, in this
and the silicon substrate can be treated as a dielectric. Thiggime, we see a deviation from the expected logarithmic
thin-film model works because the undoped silicon substratélrop of the frequency shift versus heiglithich would ap-

has a resistivity of 0.61) m, which is much larger than the pear as a straight line in Fig).1This deviation is quite ge-
doped film. The utility of this sample is that the surface isneric and we have seen it over bulk metal, thin metal films,
topography free and the only variations in the sample are duand semiconductors. In this paper, we attempt to understand
to the sheet resistan¢R,). This leaves our microwave signal the origin of this deviation.

mainly sensitive to material properties and probe geometry. To perform the STM on doped silicon, the bias on the
The results reported in this paper satisfy the conditiorsample wast1 V and the tunnel current set point for STM
oC,R, <1, sinceR, is in the range of 15-15@), w is feedback was 0.5 nA. Such high bias is needed in order to
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overcome the~0.7 V of voltage drop across the buried

p-n junction of the boron-doped silicon. The microwave =

source frequency was 7.472 GHZ and the power level was §

+3 dBm. This power level was chosen to avoid rectification S

of the microwave signal in the STM tunnel junction, which is §_ ]

seen for powers aboveé5 dBm. S -.'-
2 N

MODEL g -‘..-
s ‘

As mentioned eatrlier, experimentally, the very end of the H

microwave probe is coaxial with the inner conductor pro- [

truding beyond the end of the coaxial cakieset of Fig. J.

The protruding section of the inner conductor has a roughly 1000

conical geometry. The same tip is used for STM and electro- d = height above sample (nm)

magnetic wave illumination and concentration. To determine

the capacitance between the probe and sample, one céff. 3. Tip-to-sample capacitance framxweLL 20 (m20) for the coaxial

model a conical tip sticking out of the inner conductor of theprobe geometry shown in cross section in the inset. The outer conductor is
. . . included in the model and the different voltag®sin volts) and lengths are

coax and calculate its capacitance with respect to a condu hown on the drawing in the insétot to scalg The plot shows the loga-

ing plane. On millimeter and micron length scales, the outefithmic drop of capacitance with increasimgcalculated from this model.

conductor of the coax has to be taken into account in order téhe tip is conical except for last 14 which is an ellipsoid with a flat

correctly calculate the probe-sample capacitance. Howeve?{ogf(’)‘gJ f;ﬁ'”g the sample. The box size for the problem was 2500

our interests are for measurements in the submicron height s

regime, where the outer conductor capacitance does not ==

change significantly. One option is to model the tip as arPretation is simple as one gets close to the sample. The ef-
infinite cone. However, an infinite cone above a sample is 42Ctive area of the parallel-plate capacitor is changing at the
scale invariant problem, as it puts no length scale for the&@Me time as the distandes changing. In Fig. 1, we show
probe itself. We will model the probe as a sphere above this by two solid lines for the analytlc'sphere above the plane
sample, where the sample is an infinite pldh8uch a model Model- A sphere oR,=27 um describes the data at large
gives another length scale, which is the sphere raiysn ~ Neights (d>50 nm, and a sphere of radiu&=37um
addition to the heightd) of the probe(measured from the works well as one gets closer to the sample. Howv.ever., this
bottom of the sphere to the flat samplbove the infinite €N changes below 10 nm where we see saturation in the
plane. Af signal, and this saturation is seen above all samples mea-

This model has been applied earlier to study the behaySured so far. What follows here is a systematic discussion to

ior of microwave microscopes on submicron length scalestnderstand this saturation.

however, far away from the atomic length. The strength of -F|rst we start V\{'th a model Wh'c_h is closest to the ex
this model lies in its analytic expressions for capacitance anaerlme.nt. Figure 3 IS a plot OT capacitance VErsus height for
static electric field, obtained through an image chargé* co@xial probe with conical tip above a conducting sample,
method. This model has also been successfully extended #£t€rmined numerically USiNGAXWELL 2D (M2D). The geo-
understand the dynamics of electromagnetic interactions b&n€trical model is shown in cross section in the inset of Fig.
tween probe and samplé However, in this paper we limit 3. The center conductor was set at a potential of 1 V, the
ourselves to the static aspects. outer conductor was set to 0 V, and the sample was left to

Electromagnetically speaking, the tip-to-sample interac-ﬂoat' Here we use the approximation that the near-field struc-
tion in our microwave microscope is very complex andture will be dictated by the static electric-field structure. This
modeling it analytically alone is a very challenging task. Wegpprommaﬂon is valid, since in our case th? soF(rpmbe
resort to numerical techniques when analytic models becom@P) @nd sample separation satisfy the conditiba\; where
difficult. For example, the addition of even a small object at'V assume that electromagnetic sources and fields have har-

o i . .
the end of the probe makes the analytic problem very comMo"N'C (e™) dependgnce_ With  this assumption one can
plex to solve. The numerical modeling was performed with awrite down the equations for the potentials and the fields as
commercially availableANSOFT MAXWELL 2D (M2D) soft- & function of position and time. After integration over time,
ware, which solves a variety of static electric and magnetidh€ final solution for fields in thea;‘snear zoned<\) shows
problems. We model the measured nanometer scale devill® quasistatic nature of the fields.
tions by adding a small geometrical objeet tiny cong at The key point to note in Fig. 3 is that the probe-to-
the end of the sphere. The height of the conehisand the sample capacitance for a conical tip has a logarithmic in-

cone and sphere together act as a probe above the sampl&€ase as a function of decreasing height, even in the submi-
cron regime. Any model that we use should maintain this

RESULTS qualitative beha\_/ior. Due to aspect ratio limitations of the

M2D software(ratio of largest length scale to smallest must

Our goal is to understand thef versus height above the be less than~10%, we were not able to push this study to

sample data for heights below 10 nm, as shown for a repremuch smaller separationl, However, the sphere above an
sentative case in Fig. 1. For heights above 10 nm, the inteinfinite plane model can be taken to these small length scale

Downloaded 12 Jun 2011 to 129.2.40.162. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



044302-4 Imtiaz et al. J. Appl. Phys. 97, 044302 (2005)

1200, 217
E -400

X o0 ’ N

N 1000 £ af /.

— 1200 o - /

|"<g 800 - 0 500 1000 1500 2000

Y Height d above sample (nm)

g 600

g /

_ rum)/1.60) /

example cone on sphere ‘é 400 AT=7.56(kHz)e"™" ‘/

& 200 \ e

£ o

10 um

WRAPQ82: Ag coated W tip

HV |Spot| WD | Mag | Det |Pressure|] HFW | 10.0pm——
30.0 kV| 3.0 /9.6 mm!3000x' ETD e 42 67 ym FEI Quanta 200

FIG. 4. Scanning electron microscope micrograph for one of the STM probe
tips, WRAPO082. Inset shows the magnification of the apex of the tip, which
illustrates the cone-shaped particle sticking to the probe. This tip was im-
aged before use in the NSMM.

values inM2D, sinceR, is much smaller than the dimensions
of the full coaxial probe and we have more room to work
around aspect ratio problems. However, before we discuss
that, it is better to examine the geometry of the tips used.

FIG. 5. (@) Magnitude of the frequency shift of the NSMM between tunnel-

ing height and 2um (defined asAf) on a gold/mica thin-film sample vs

inscribed sphere radiuson the tip. Note that\f increases roughly expo-
Geometry of the probes nentially (solid line) with increasingr for different probeginset shows the

. . . . . definition of magnitude ofAf) and(b) SEM micrograph showing inscribed
The metal tips in our experiment are first imaged by asphere radiusr for two different probes WRAP30D(r~6 um) and
scanning electron microscog&EM), where they reveal a WRAP30R(r=~8 um).

rounded conical naturéig 4). On the millimeter and mi-

crometer length scale, the probe can be well approximated aghese tips enlarge the topographic features latefaflyich

a cone. Near the tip, the cone is rounded and includes gan happen if the tip has multiple tunneling sjtesd give
sphere of radius. Note the protrusion sticking out of the tip, incorrect heights of known features as well.

shown in the inset of Fig. 4. This small protrusion is prob-
ably left from the tip preparation procedure. The size of pro-
trusion at the apex of the tip is few hundred nanometees
the inset of Fig. #in this case. In general, the tip can pickup Figure 6 is a plot of the capacitance of a sphere above an
material from the sample, and there can be other sources offinite plane calculated two different wayanalytic and nu-
damage. Protrusions like this can have a significant effect omerica), as the height is varied. It also clearly shows the
the measurement. logarithmic increase of capacitance versus decreasing height,
A second observation is that the tip-sample capacitancéor both the analytical mode(solid line) and numerical
(as measured throughf) is proportional to the included model (pointg. This simple model thus preserves the loga-
sphere radius. On the submicron scale one can easily see amithmic dependence observed in Fig. 3. The slopes are very
effective sphere with radiusr™ (this r is distinct fromR;)  close to each othédiffering by only 1.3%. The offset of the
embedded at the end of the probe, as illustrated in Flg. 5 numerical curve is due to the limited size of the numerical
For the probes shown in the figure the approxintatelue is  simulation. Figure 7 shows the numerically determined ca-
6 um (commercial name WRAP30and 8um (commercial  pacitance versus the inverse of the numerical problem size
name WRAP30R Figure %a) shows that as gets larger, (area of drawing inm2D, called the box sizefor different
the magnitude of the frequency shift signal between tunnelfixed heights above a conducting sample. It shows that in the
ing height and 2um (defined asAf) gets larger. Here the limit of infinite box size, the extrapolated numerical result
sample is a gold thin film on mica satisfyirgC,R,<1, soin  agrees with the analytic result to within 1.4%. For example,
this case the total frequency shiff is directly proportional for the height of 1 nm, the analytic value of capacitance is
to capacitance change. We arbitrarily define the zemdfab ~ 25.23 fF. In the limit of infinite box sizeyi2D yields a value
be the height of 2um. These data illustrate the dramatic of 25.58 fF(the graph also shows a comparison for two other
dependence of the frequency shiind capacitance change heights.
on probe dimension, and help justify modeling of the probe  We note that the sphere radil, required to fit the
as a sphere, at least on submicron length scales. HoweveXf(d) data(like that in Fig. 3 is much larger than the em-
the tips of larger, which show a dramatic change of the bedded sphere radiusThis is because the embedded sphere
frequency shift signal, are generally very poor for STM. intercepts only a fraction of the electric-field lines between

Discussion of results for sphere above plane
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T ——Trrry . —rr —rr . FIG. 8. Sphergwith radius of Ry=37 um) to sample capacitance with a
1 10 100 1000 small cone of heighh and base 2 nm added at the end of the sphere using

Mm2D (inset shows the geometry, which is not to sgalEhe capacitance
saturates at heightson the same scale &s Plot shows results for several
different values of the cone site The box size is 8& 81 um?. The bound-
ary condition on the box was Neumatelectric field tangent to the bound-
ary of the box.

Height d of sphere above sample (nm)

FIG. 6. Comparison of sphere to sample capacitdiiceet shows the ge-
ometry calculated from the analytic modékolid line) and m2p (data

points. The sample is infinite in the analytic case. The sphere ragjus
=37 um. The box size fomzp is 90X 91 um?. The boundary condition on
the box was Neumantelectric field tangent to the boundary of the hox

The slopes agree to within 1.3% similar results. This cone has two lengths associated with it,
. 0.

namely, the base and height of the cone. We found that the

height of this cone is the only key parameter affecting the

the tip and the sample, thus missing the field lines betweeg,era)| capacitance, so we took the base to be figedm)
the rest of the nonspherical probe and sample. The net effegl; 5| the heights. This model was studied numerically, since
of all these field lines is mcorporated_ in an artificially en- {pe analytic problem with this perturbatidéoons is difficult
hancedR, for the model sphere. We find that the value ofy solve. As shown in Fig. 8, adding this perturbation pro-
Ro=37 um fits our data best for heights down to 10 nm, for gyces a deviation from the logarithmic increase of capaci-

the tip shown in Fig. 1. tance with decreasing height. The effect on the capacitance

sets in at heights on the same length scale as the size of the

cone, and it tends to saturate the capacitance. The larger the

value ofh, the more prominent is the saturation effect.

o ) ) In Fig. 1, the dotted curves show these capacitance val-
In order to study the deviation of our tips from spherical yes converted into frequency shift using a transmission line

shape, we added a small cone at the end of the sgiims&t  mqe| of the microscopt™ The frequency shift data are

of Fig. 8). This is motivated partly by the cone-shaped “par-pjotted as open dots for comparison. We find that a sphere of

ticle” seen in the SEM micrograptshown in the inset of  radiyusR,=37 um with a perturbation cone height of 3-5 nm

Fig. 4. We find (numerically that other shapes produce fits the data well. This shows that a real tip can be modeled

fairly well by a conducting sphere, and even the deviations

Discussion of results with small cone added to
sphere above the plane

(1/(BoxSize)) in um?

_ 284 from the sphere above the plane model can also be under-

& g |25.23fF(25.581F) stood by adding small perturbations to the sphere.

] hRE

€£24] g

S 1nm height

§ 22720.71fF(20.77fF) Lo g CONCLUSION

8 20-“‘“\..._'»”_ o L We report an interesting length scale in tip-to-sample

2 18 17.40fF(17.47FF) .. ‘1 Onm height |nteracthn for near-fleld' microwave measurements. The ori-

§ 16 T A N TG - gin of this length scale is a deviation of the probe geometry

e T from an ideal(spherical or conicalgeometry. This length

g 14+ Ao e scale is typically on the order of 3-5 nm and will effect

< 12 50nm height = measurements on these length scales. Such results are impor-

’ 10 . : : tant to design an optimum probe for the future development
0.0 1.0x10*  2.0x10*  3.0x10™ of near-field microwave microscopes.
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