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Scanning eddy current dynamometer with 100 pmm resolution
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We report on a new contactless scanning probe technique to probe thin metallic films. The scanning
eddy current dynamometdSECD) is based on the measurement of the force generated by a
magnetic tip oscillating in close proximity to a conducting thin film glued to a lggimechanical
oscillator. By measuring the resonant motion induced in the mechanical oscillator, the eddy current
force on the sample can be determined. The size of the magnetic field profile from our tip limits the
spatial resolution of the instrument t& 100 um. This spatial resolution is demonstrated by
scanning the magnetic tip over inhomogeneities in metallic films. For a homogeneous metallic film
much larger than 10Qum the force measured by the SECD is directly proportional to the
conductance of the film. In this configuration the equivalent noise conductance of the eddy current
dynamometer is\o;~30 Q1. By exploiting the boundary conditions on the induced current
density in the conducting film, cracks much smaller than A@®in a metallic film can be detected.

To demonstrate this property, a 2u8n wide slit is detected using the SECD. @00 American
Institute of Physics.S0034-67480)00608-0

I. INTRODUCTION —VvXxB(r) whereB(r) is the magnetic field associated with
S _ the current loop. The electric field inside the conducting
Egldy current testlng is widely ysed as a npndestruct!vesheet gives rise to a current dengity) = o Ej(r), whereE;
technique for mapping and detecting defects in conductings the component of the induced electric field parallel to the
materials. Eddy current probes commonly use a coil o ingonducting sheet. The magnetic field exerts a Lorentz force

duce the eddy currents in the conducting layer and the cufsp the current density so that the force on the sheet in the
rents are detected either by using a second'dmjimonitor- plane of the sheet is given by

ing the impedance in the first cdil,or by using a
superconducting quantum interference deviS®QUID) to
measure the magnetic flux from the eddy currénits.this

article we use a different approach, based in recent develop- . L .
ments on the detection of small forces. whereB, is the component of the magnetic field perpendicu-

Ultrasmall force detection using mechanical oscillatorsIar to the film and the integral is a surface integral over the

has made it possible to construct very sensitiveemireﬁlm'ThiS argument neglects the screening response of

electrometersand magnetometefsThese instruments uti- the conductor to shield the Changigg magnetic field, b.UI our
lize mechanical oscillators made from Si having quality fac—caICl"l"’mOnS .|nd.|cate that f009<c_60/‘7'3 the screening
tors on the order of 10 In this article we describe a new current density is smafl.The direction of the force on the

microprobe instrument to measure eddy current forces oﬂlm Is the same as the_ direction vfand a reactionary drag
thin metallic films based on Si mechanical oscillators. Theforce opposes the motion of the loop. .

eddy currents are induced by moving a magnetic probe over If the motion of the loop is given by=x, sin(wt)x, then

the sample which is mounted on a Si oscillator. We refer tdhe velocity is Xow cos@t)x, where w is the angular fre-

this device as a scanning eddy current dynamometefuency and, is the maximum amplitude of oscillation. For
(SECD. The advantage of our instrument is that it has athis oscillatory motion Eq(1) becomes

spatial resolution on the order of 1g0m and could be po-

tentially improved to have a spatial resolution on the order of Fx(r,t)zcos(wt)f onwXeB2(r)ds. 2)
1pum.

To gain insight into the nature of the eddy current forcegor yniform metallic films much larger than the loop size,
on a thin film due to a moving magnetic probe, consider ane eddy current dynamometer can be used to determine the
direct currentdc) loop held parallel over a thin infinite sheet -onquctance of the film since the force is proportional to the
with conductancer; . If the conducting sheet is stationary -gnductance.
and the loop is moving with a velocity=vXx, the electric With the introduction of inhomogeneities in the conduct-
field in the sheet's frame of reference is given Bfr)=  ing film, Eq.(2) becomes invalid. For example, if the oscil-
lating current loop is scanned over an edge or crack in the
“present address: Department of Physics, Indiana University Purdue UnfilM, the component of the induced current density perpen-
versity Indianapolis, Indianapolis, IN 46202. dicular to the edge must be zerp, €0). This boundary

Fx(r):f orveB? (r)ds, ()
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condition leads to a directional dependence of the scans de- a) Silicon Mechanical Oscillator
pending on whether the direction of oscillation is perpen- ]

dicular or parallel to the edge or crack. The complete solu- Magnet Sample : j Q
tion of the problem with the boundary conditions included is 5

difficult and beyond the scope of this paper.

The experimental setup and principle of operation of the
eddy current dynamometer are described in Sec. Il. Section
[l presents results on several samples with inhomogeneities
in the metallic film which demonstrate the spatial resolution,
orientational dependence, and sensitivity of the instrument.
The fundamental limitations and potential improvements to
the instrument are described in Sec. IV.

@
A

Magnetic Tip \
Detection Electrode

Piezo-Quadrant Tube

b) mech. osc.
Il. EXPERIMENTAL SETUP I

Using Eq.(2), we first estimate the magnitude of the iy det. elec.

force expected on a copper film. The conductance gfmi |
thick Cu at room temperature is58 Q1. To simplify @— C —I— R Ve
these estimates, we assume that the magnetic field from the ||
probe is perpendicular to the film and is 0.5 T fe€50 um _| I —_
and O T forr >50 um. If the probe is spatially vibrating with ref. 1. Cp
a frequency of 5000 Hz and an ampht_ude of 100 nm then Eq. Lock-in amp.
(2) yields a force of 0.34 nN on the film.
High-Q mechanical oscillators made from _SI were_ ChO_FIG. 1. Sketch of the experimental setdg). A conducting sample is glued
sen to measure these small forEekhe mechanical oscilla- 1o a cr and Au coated Si mechanical oscillator. A permanent magnet and a
tors are made from 0.5 mm thigl00) Si wafers anisotrop- ferromagnetic needle, used to localize the magnetic flux, are attached to the
ically etched in KOH using a lithographically patterned top of a piezoelectric quadrant tube which is vibrated at the oscillator’'s

. resonant frequency. The amplitude of vibration of the mechanical oscillator
SigNy layer as a mask. After the KOH has etched throth thFT's measured capacitively with a detection electrath¢.Block diagram of

0.5 mm wafer, the N, layer is removed. Since the ampli- the electronics used in the experimental sef@p:5 MQ, C=0.22 uF,
tude of vibration is measured capacitively, 15 nm of Cr andvy.~90 V, andC,~130 pF.

150 nm of Au are evaporated on the oscillators. Details of

the fabrlcat|on_ process have been described elsewher_e. .tional amplitude of the tip and consequently the force on the
A conducting sample, mounted on a glass cover slide, i$hetallic film [see Eq(2)]

glued to the end of the Si mechanical oscillator in the con- The oscillating eddy current force from the vibrating

Egu::tlg? dzzogg g]nFé?‘feac?i.thﬁasr%%Eilg igg“cgglr:?éﬁrigan magnetic tip causes the sample and Si mechanical oscillator
drivengat the resonant frequency of the fundamental cantilet-0 vibrate. The motion of the Si oscillator is measured ca-
q y pacitively using a detection electrode and the circuit shown

ver mode using the eddy current force induced by an OSCIIi'n Fig. 1(b). If the oscillator moves a distancéd then the
lating magnetic probe.

The magnetic probéip) is an iron wire(o.d.=0.9 mm)

mechanically polished with &m grit down to a tip diameter 0.30 T T T T T T 1

of 20 um that localizes the magnetic flux from a neodymium 1 un

iron boron permanent magné€t/4 in. diameter by 1/4 in. 0.251 /\ i

long). To repair damage from the polishing process, the wire 0_20_. " '\ |

is annealed in a hydrogen furnace at 1000 °C as described it~ ] _/ .

Ref. 9. The hydrogen anneal decreases the full width halfg 0.15 | \_ 4

maximum (FWHM) of the magnetic field profile and in- = : /' \-\ ;

creases the maximum magnetic field. This profile, shown inm™ 0.10+ " .

Fig. 2, was measured by scanning a At Hall bar under T _-'J 'H-_.

the tip, at a tip-Hall bar separation of 10m. The FWHM of 0.05 _/_/-/'/ T

the magnetic field profile is approximately @am. 0.00 "T/'/I - T
The permanent magnet and iron tip are fastened to the 2500 -400 -300 -200 -100 0 100 200 300 400 500

top of a piezoelectric quadrant tube as shown in Fig).1
The tube is used to vibrate the iron tip at the resonant fre- o . _
quency of the oscillator by applying an alternating currentF_'G-T f] Theilcompone”t of thg m_’i‘ﬁ“etme'g p”fot‘;"e ‘f’f a Shl%’PeT‘ed iron
. . . 1p. € profile was measurea wi a a ar for a micron
(ag voltage from a signal generator. The magnetic tip \,Naéip-Hall bar separation. The FWHM is §dm. The physical diameter of the
manufactured to have a resonant frequency near the Si ME5 is 20 um. The source of the magnetic field is a neodymium iron boron

chanical oscillator’s resonant frequency to increase the vibrapermanent magnet.

Horizontal Position (um)
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electrode oscillator capacitance changessy= —Cydd/d, a) 067 - - ]
whereC, (~1 pF is the electrode-oscillator static capaci- 05_I= ]
tance andl is the distance between the oscillator and elec- T 1
trode at equilibriumd> &6d. When the electrode is biased to T 04] ]
a dc voltage V4.~ 90 V), the change in voltage between the £ ] | ]
electrode and the oscillator is directly proportional to the 5 034 f ]
motion of the oscillator. The amplitude of the ac voltage is 2 ] ]
given by'° ;El "4 i ]
_6C  Cpad 017 h‘ ]

oV= Cr *“ Crd % @ 0.0] - "

. . 0 4(I)0 I 8(I)0 I 12I00 I 16I00 I 20IOO 24I00 2800
where.CT is the sum ofC, a|_’1d a paraII.eI external parasitic Horizontal Position (um)
capacitance ¢,~ 100 pB which is dominated by cable and

preamplifier capacitance to ground. For these measurementsb) 0.0045 - - - - -

od/ 8V was calibrated directly by measuring the amplitude of e

the oscillator with an optical interferometer. The values, 0.0036 4 / ]

while constant during each scan, ranged from 70—400 pm/ i

wV for different scans due to a variance in the oscillator- 5 0.0027- l .

electrode spacing. % / 1
The signal from Eq(3) is measured using a lock-in am- S 0.0018 4 w 1 ]

plifier with the signal generator as reference. Once the am- < r \

plitude of the oscillator is recorded, the tip is moved to a new 0.0008+ o~ L] .

location over the sample. In this way, the spatial dependence ,./r"“ \ \ 2 ]

of the eddy current force on the sample is determitteld. 00000 FLa AR =R =", ; e rE

200 400 600 800 1000 1200 1400

the next section, we show how the resonant amplitude of the
Si mechanical oscillator changes as the iron tip is scanned
across different samples. FIG. 3. (@ Two scans over a 1 mm wide 25m thick Cu ribbon. The
amplitude of motion of the mechanical oscillator when the tip is in the
middle of the ribbon is (0.5560.007) nm. The reproducibility in the am-
plitude when comparing the two data sets is approximately 0.01(bm.
I1l. RESULTS Spatial derivative of the left edge for the scan(@. FWHM is ~80 um.

Horizontal Position (um)

To demonstrate the capabilities of the instrument, we
present results of measurements on copper films with differ-  Assuming that the boundaries are not affecting the mag-
ent inhomogeneities. The inhomogeneities are single angiy,de of the signal when the tip is over the center of the Cu
double slits in 12.5 and 2am th|ck_Cu.12 Figure 3a) shows  ihhon we can estimate the equivalent noise conductance of
two scans ba 1 mmwide 25um thick copper ribbon. Inthe ¢ jnstrument. Taking the observed noise to be 0.01/0.556

middle of th? ribbor_:_r:he a'mplri1tudeb of thde f,Si gscillaaor 'S ~0.02 and the known conductance of the Cu ribbon, the
(0.556+0.007) nm. The noise has been defined as the rooéquivalent noise conductanceAsr;=30 Q1.

mean squarérms) difference between neighboring points in The eddy current force is observed to persist for a long

the amplitude of the oscillator when the tip is near the Cemeaistance as the tip is scanned over the edg80 xm to go

of the ribbon. The.reprodumbnlty When comparing two Scansto zero for this tip. This slow decay of the eddy current
over the same strip is also approximately 10 pm.

At resonance, the force acting on the sample, and ther%s__ignal s _thought to be du_e tp the Iong il in the magnet_ic
fore on the Si oscillator, i§ = (k/Q) A, wherek is the spring ield pr_of_lle of the magnetic tip. Experiments show that this
constantQ is the quality factor, and\ is the measured am- ang ta'_l IS not dl_Je to t_he_pe_rmanent ma_gnet_, _and C(_)mputer
plitude of the oscillator. The spring constant was measureﬁ!mUIat'°n§ of this profile indicate that this tail is not |_ntr|n_—
to bek=(1200Q=300) N/m by noting the change in reso- sic to the tip shape and can be fu_rther decreased. Th!s rr_ught
nant frequency when known masses were added to the oscff€ carried out by annealing the tips longer or by fabricating
lator. The quality factor was 460 for the sédin Fig. 3a) the tips differently(e.g., chemically etching the tipsThis
yielding Fegay=15 nN. large tail, however, does not limit the resolution of the in-
The theoretical eddy current force can be estimated usstrument, as discussed in the next section.
ing Eq. (2), the measured magnetic field profile from Fig. 2
and the measured amplitude of the tip. Using &) .for this
estimation neglects the screening currents and boundary ef- The expected spatial resolution of the instrument is de-
fects on the current density by assuming the sample to birmined by taking the spatial derivative of the data from the
infinite. Using the magnetic field profile from Fig. 2, scan over an edge. By measuring the FWHM of that deriva-
JB?(x,y)dx dy=1.2x10"° T?m?. The velocity of the tip*  tive the expected spatial resolution can be deduced. Figure
is 6.9x 10 3 m/s and therefore the expected force is 12 nN,3(b) shows the numerical derivative of an edge for the scan
which is in good agreement with the experimental value. over the 1 mm Cu ribbofFig. 3(@]. The FWHM of that

" A. Resolution and crack detection
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Horizontal Position (um)
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6 - - T - - - than the resolution, a scan over this slit is equivalent to a
1 scan over an infinitesimal crack. Figure 5 is a scan over the
57 w-a /_,./-/" 2.5 um slit for the two different orientations.
. 4_' \-\-—5__ /-H' _ In the perpendicular orientation, the instrument is not
2 ] \ i able to detect the slit within the noise of the instrument. For
P 3 -q.. T ] the parallel orientation, however, the slit is clearly observed.
3 ] ' _f" J The signal decreases on the left- and right-hand side in this
a3 2 '-lll.,,IIIl _b"il"l‘ d figure because of the outer edges in the Cu film. This figure
E ; demonstrates that the parallel orientation is very sensitive to
17 . edges or breaks in the film, even for a slit much smaller than
the resolution of the instrument.
9400 300 200 100 0 100 200 300 400 The differences between the two orientations can be un-

derstood qualitatively. The component of the current density

perpendicular to an edge must be zero. In the perpendicular

orientation the induced electric field is parallel to the edges

of the slit and therefore the boundary condition does not

drastically reduce the current density inside the film. For the

parallel orientation the induced electric field is perpendicular

derivative is approximately 8@m, which is in good agree- to the edges. In this configuration the current density in the

ment with the FWHM of the magnetic field profile. film is severely modified to adjust to the boundary condi-
To demonstrate this spatial resolution, a Cu sheet with &ons.

double slit was scanned. The sample has two L@Dwide To test the sensitivity of the instrument to weaker inho-

slits separated by 20@m in 12.7 um thick copper foil. The mogeneities, a trench 28m deep by 25um wide in a 40

results from this scan are shown in Fig. 4. This scan demonam thick Cu layer was scanned in the parallel orientation. In

strates that the spatial resolution of the instrumenrtid00 this case no evidence for the trench could be detected in the

um since it reveals two minima separated by a local maxi-SECD signal. We conclude that because of the current flow

mum. underneath the trench the overall current pattern is not ap-
The discussion so far has been on scans performed witbreciably perturbed.

the oscillation of the tip perpendicular to the edge. An im-

portant extra feature of the instrument arises when the oscil-

Igtory tip motion is pgralle! to the sam_ple edge. The PErPeNLy, 5iSCUSSION

dicular (paralle) orientation is defined as when the

oscillation of the tip is perpendiculdparalle) to an edge In this section the fundamental limitations and improve-

(see Fig. 3. ments to the instrument are discussed. Thermal noise sets the
An experiment to determine whether the instrument wagyltimate limit on the minimal amplitude that can be mea-

sensitive enough to measure a break or a crack in the fillyred with the mechanical oscillator and the equipartition
was done. For this measurement, a 21 wide slitin 12.7  theorem gives

pm thick copper was used. Since the slit is much smaller
NN LU
(x%) K =0.6 pmrms,

FIG. 4. Scan over two 10@m wide slits separated by 2Q0m in 12.7 um
thick Cu. The amplitude of the tip was 550 nm and @ef the oscillator
was 860.

(4)
09 T T T T T T T
087 4o Aadaadhas o, ] whereT = 300 K is the temperature of the systekg,is the
07 /./nl?;‘\u/‘ ‘\\ X Boltzmann constant, anék?)? is the thermal root mean
d | square of the amplitude of the oscillator. Equati@n as-

sumes that the bandwidth of the measurement is self-limited
by the oscillatorB= 7f,/2Q, wheref, is the resonant fre-

0.6 / “‘:
054 & .

—A— Perp. Orientation

Amplitude (nm)

047 ) quency of the oscillator. If the bandwidth of the lock-in am-
03 I plifier, Af, is much smaller than the oscillator's bandwidth,
0.2 J | the thermal noise equivalent amplitude is
0.1+ 2\1/2
] X [2QkgT
0.0 T T T T T T T T T T T T T T . < > = Q 2 :02 pm rmsm (5)
-600 -450 -300 -150 O 150 300 450 600 VAT mfok

Horizontal Position (um) In practice, noise from the preamplifier used to measure

FIG. 5. Scans over a 2.am wide slit in 12.7um thick Cu for the two th.e induced voltage of the OSCI||61.'[OI’ I|m|t.s t.he m'_mmal am-
different orientations. The perpendiculgraralle) orientation corresponds ~ plitude that can be measured while the tip is stationary. The
to the oscillation of the tip perpendiculgaralle) to an edge or crack inthe  preamplifier noise was-10 nV rms/\/m, which corresponds
metallic film. The inset pictorially demonstrates the difference between ths[‘:J a noise equivalent amplitude betwe@i7 and 4 pm rms/

two. The single arrow labels the scan direction while the double arrow Iabels\/m where the range is due to a variance in the electrode

the direction of oscillation. The amplitude of the tip was 620 nm andhe - i oy
of the oscillator was 700. oscillator capacitance. Another source of noise in these mea-
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surements was reproducibility of the tip-sample separationlebted to R. Frizzell for providing assistance in making the
when scanning the tip over the sample. This is the source dfps and are grateful to O. King and S. Horst for providing
noise that dominated the scans in Fig. 3. technical advice and assistance in the manufacture of the

The force sensitivity of the oscillator can be enhanced byoscillators.
an increase in th& of the oscillator. Since the force at
resonance is equal 8= (k/Q)A, an increase iQ corre- . _ _ _ _

ds to an increase in the amplitude of the oscillator for H. L. Libby, Introduction to Electromagnetic Nondestructive Test Meth-

spon - p . . ods (Wiley-Interscience, New York, 1971
the same force applied to the oscillator. Quality factors as2r. c. Black, F. C. Wellstood, E. Dantsker, A. H. Miklich, J. J. Kingston,
large as X 10° have been reported for similar Si mechanical D. T. Nemeth, and J. Clarke, Appl. Phys. Le#, 100 (1994).

3
oscillators? corresponding to a factor5000 increase in the A N- Cleland and M. L. Roukes, Natuféondon 392 160 (1998.
. f fp g 4R. D. Biggar and J. M. Parpia, Rev. Sci. Instrué®, 3558(1998.
sensmv_lty otour orcg measurer_n_ents' ®B. S. Palmer, R. S. Decca, and H. D. Dréunpublished resulis Calcu-
An improvement in the sensitivity would allow the spa- Iations are based on J. R. Reitz, J. Appl. Phyf. 2067 (1970; W. M.

tial resolution of the instrument to be increased. A spatial Saslow, Am. J. Phys50, 693 (1992.

: 6 . . . .

resolution on the order of Zm would make the eddy current ~<:N- Kleiman, G. K. Kaminsky, J. D. Reppy, R. Pindak, and D. J. Bishop,
L . . Rev. Sci. Instrum56, 2088(1985.

dynamometer a versatile instrument, although a tip with a7 Kaminsky, J. Vac. Sci. Technol. & 1015(1985; K. E. Bean, IEEE

FWHM equal to 1xm in the magnetic field profile would  Trans. Electron DeviceED-25, 1185(1978.
have to be developed to get this resolution. Wtk 10° and ~ °K. Karrai and R. D. Grober, Appl. Phys. Le#6, 1842 (1995; R. S.

a spatial resolution on the order ofidm, the expected noise (le;;c?")"’ H. D. Drew, and K. L. Empson, Rev. Sci. Instruég, 1291

. . — 71 . .
equivalent conductance $o;~30 ()" */\Hz when imag-  °r. m. Bozorth,Ferromagnetisn{IEEE, New York, 1993
ing a sample large compared to the tip size. With this sensi*°G. K.-S. Wong, inExperimental Techniques in Condensed Matter Physics
tivity, we should be able to measure the conductance of sub-at Low Temperaturesedited by R. C. Richardson and E. N. Smith
micron thick metals at 4 K (Addison-Wesley, Redwood City, CA, 1988 hap. 4.2.

. . . 1 Another potential experimental setup would be to mount the magnetic tip
Finally, a further theoretical understanding of the eddy on the Si mechanical oscillator, vibrate the Si oscillator and magnetic tip,

current force in the presence of conductive inhomogeneities and measure the change in amplitude while the tip is scanned over the
for a moving magnetic probe could allow the deconvolution sample. The problem with this setup is that the change in the amplitude

fth to det ine th duct fth | due to magnetic drag is small compared with the original amplitude and is
orthese scans to determine the conductance or the sample aggimated to be on the order of one part per thousand for the measure-

a function of pOSition. ments presented here.
2National Aperture, Inc., 26 Keewaydin Dr., Ste. B, Salem, NH 03079.
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