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Quantitative topographic imaging using a near-field scanning microwave
microscope
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We describe a technique for extracting topographic information using a scanning near-field
microwave microscope. By monitoring the shift of the system’s resonant frequency, we obtain
quantitative topographic images of uniformly conducting metal surfaces. At a frequency of 9.572
GHz, our technique allows a height discrimination of about 55 nm at a separation @h3We

present topographic images of uneven, conducting samples and compare the height response and
sensitivity of the system with theoretical expectations. 18998 American Institute of Physics.
[S0003-695(198)00314-3

Images obtained from resonant near-field scanning miean be represented by a capacita@igebetween the sample
crowave microscopes® are the result of two distinct con- and the inner conductor of the probe, analogous to the
trast mechanisms: shifts in the resonant frequency due tmechanism in scanning capacitance microscbify! For a
electrical coupling between the probe and the sample anhighly conducting sample and a small probe—sample capaci-
changes in the quality fact@ of the resonator due to losses tanceC,, i.e., C,<L/cZ,, the reflected voltag®/, at the
in the samplé:® Such images will inevitably contain intrinsic output of the directional coupler can be written as
information about a samplésuch as dielectric constant or

. . .. . Za_ZO
surface resistaneeas well as extrinsic informatiosuch as A :‘ ) P(1-P)Vy, (1)
surface topograply. To facilitate quantitative imaging of Lot 2o
intrinsic material properties, it is essential to be able to acwhere
curately account for the effects of finite probe—sample sepa- : :
ration and topography! In this letter, we report on the ex- 7 = ! ZO[_COS“ yL)J_r'wCXzO sinh(yL)] 2
traction of calibrated topographic images using a resonant “ 1wCy sinh(yL) +iwC,Zy cosh{yL) '’
near-field scanning microwave microscope. and wherec is the speed of lightp is the angular frequency

Our near-field scanning microwave microscope is basedf the sourcey is the propagation constant for the transmis-
on an open-ended transmission line resonator of lehgth sion line, andP is the coupling factor of the directional
=1 m and characteristic impedanzg=50.%°One end of  coupler. A plot of Eq.(1) versus frequency would show a
the transmission line is connected to a fine open-ended C&eries of dips corresponding to enhanced absorption at the
axial probe positioned at a distanteabove the sample, resonant frequencies. F&,=0 and C4=0, the resonant
while the other end is weakly coupled through capacitance
C4 to a directional coupler and a frequency modulated mi- .
crowave sourcd/ (see Fig. 1 A frequency-following cir- T e [FM input
cuit is used to monitor the resonant frequency of the trans-
mission line’ In this technique, the microwave source is

oscillator

frequency modulated by-3 MHz at a rate off;,,= 3 kHz.

The voltage reflected from the resonant cable is monitored directional

by a diode at the output of the directional coupler. The diode m“pleé Ve amplifier

output is fed to a lock-in amplifier, which is referenced at the } ‘ decoupler integrator
oscillator frequencyf;,. The output voltage of the lock-in )

amplifier is integrated and the resulting voltagg, is uti- L 1 P frequency
lized to keep the source locked to a specific standing wave line shift signal
resonancd , of the transmission line. In this configuration,

Vi, is directly proportional to changes ifi,, caused by _open-ended

i X i < Coaxial probe
changes in coupling to the sample. In practice, we record
Vi, as a function of the position of the sample beneath the
probe, thereby constructing a map of frequency shift versus

h
D et
position. )

The interaction between the probe and a metallic sampl€IG. 1. Schematic of the experimental setup and an uneven, uniformly
conducting sample. Variation in probe—sample separdtiproduces a shift

of the coaxial transmission line resonant frequency which is tracked by the
¥Electronic mail: vilahacos@squid.umd.edu frequency-following circuit.
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FIG. 2. Calibration curve of heiglt vs frequency shift- Af taken above a

flat section of a 1997 U.S. quarter dollar coin. The solid line represents a
numerical simulation, whereas the dashed line shisivs 1/h, and the data
points show measured values.

frequencies aré,=nc/(2y¢,L), for n=1,2,..., whereg, is

the dielectric constant of the transmission line; for our sys-
tem a resonance occurs every 125 MHz. For sr@gll the
nth resonant frequency changestby

cC,Z,

Afym—fp 7.

3
FIG. 3. (a) Frequency shift image of U.S. quarter dollar coin taken with a

SinceC, depends on the distance between the inner Con4}80,um diam center conductor coaxial probe at 9.572 GHgTopographic

. . surface plot of the coin.
ductor and the sample, E@) implies thatAf can be used to

determine the topography of the sample. When the sample | . .
very close to the probe, one expects tBat-Aey/h so that {%e lighter regiongsmaller frequency shift We next mea-

Af~—f ce,AZy/hL, whereA is the area of the center con- sured the frequency shift versus height at a fixed position

above a flat part of the sampleee Fig. 2 and determined
ductor of the probe. On the other hand, when the sample |t e transfer functioth(Af). Using h(Af). we then trans-

far from the probe, one must resort to numerical simulatior]f d the hift | into a t hi ;

to find C,(h). To find C,(h) for the coaxial probe geometry, eoolcr)rtn[esee Eigreg;jency shift image into a topographic surface

Vr;llithS(;) (;Vg(rj] aP ozlgzolrgg :éqlltjztrl%n Tuhs éng olij ?i?]gei nd;ifigreg ¢ To determine the absolute accuracy of the height in the

Shows hecotsponing calciatd requency sl as. CPOJIe TIS0% e SPicaly messurze e bl oo

a function of h. As expected, we observe that hsap- P . - In Fg. 4, .
represents a plot of height versus position as determined by

proaches zero the capacitanCg varies as M. Forh>a, the microwave microscope for a slice taken through the cen
the frequency changes more slowly with height. For com- P 9

parison, the points in Fig. 2 show data measured above a fIdg" of the cain[see th_e arrows in F'g'(a)]. while the open .
metallic surface at a frequency 6f=9.572 GHz using a circles show the optically measured points. Corresponding

probe with an inner conductor diameter of 4g@. Note points in the two data sets typically differ by about A8.

that, as the probe approaches the sample, the resonance fw—e accuracy at large separation ‘S."”.“ted by the drift.of the
guency decreasddf becomes more negatiyecorrespond- source _frequency_, and can be optimized by measuring the
ing to an increase in probe—sample capacita@ge The calibration curve |mmed|gtely aﬁer Fhe scdn.

overall experimental behavior is qualitatively well described To determine the height precision, the scan data at the
by the numerical simulation, including the weak frequency
shifts observed at large separation. For convenience, we pa-
rameterize our measured calibration curves with an empirical
function to easily transform measured frequency shifts to ab-
solute heights.

To investigate the topographic imaging capabilities of
the system, we imaged an uneven, metallic sample: a 1997
U. S. quarter dollar coin. First, the frequency shift was re-
corded as a function of position over the entire sample. Fig- .
ure Ja) shows a frequency shift image of the coin taken at 20000 10 20 30
9.572 GHz using the 48@um probe with a probe—sample X (mm)
separation of 3Qm at the closest poir{at the left rim of the FIG. 4. Height measured by an optical microscépiecles, compared with

coin). The darker colored regions in Fig(a indicate a e topographic microwave dafaolid line) obtained along a line cut indi-

smaller distancélarger frequency shiftirom the probe than cated by arrows in Fig.(@).
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left rim in Fig. 4 were fit to a paraboléover a range ok  smaller probes, and closer or farther separations.
= + 1ati
=5004m) and the standard deviation was found to be 55 The authors acknowledge support from National Science

nm for a probe—sample separation of 801. Similarly, for o 000 NSFMRSEC Grant No. DMR-9632521, NSF
the flat area on the table just to the right of the coin, a linear,
. _ Grant No. ECS-9632811, and from the Maryland Center for
fit was performed to the datdover a range ofx= Superconductivity Research

+500um) and yielded a standard deviation of 4Mn at a P y '
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