APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 7 16 FEBRUARY 1998

Quantitative imaging of sheet resistance with a scanning near-field
microwave microscope
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We describe quantitative imaging of the sheet resistance of metallic thin films by monitoring
frequency shift and quality factor in a resonant scanning near-field microwave microscope. This
technique allows fast acquisition of images at approximately 10 ms per pixel over a frequency range
from 0.1 to 50 GHz. In its current configuration, the system can resolve changes in sheet resistance
as small as 0.€)/1 for 100 /071 films. We demonstrate its use at 7.5 GHz by generating a
quantitative sheet resistance image of a YBa&O,_ 5 thin film on a 5 cmdiam sapphire wafer.
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Nondestructive imaging of microwave sheet resistancageVZfFM which is related to the curvature of the reflected
has been demonstrated using a variety of probes combingsbwer versus frequency curve on resonance, and her@e to
with resonant systems. Far-field techniques, such a%o relateV,; andQ, we perform a separate experiment, in
confocal? and dielectrié“ resonators, while allowing quan- \yhich we Vg“;'yQ using a microwave absorber at various
titative sheet resistance imaging, have the disadvantage @gights below the probe tip, and measure the absolute reflec-
relatively low spatial resolution=1 mm) limited by the  tjon coefficient|p|? of the resonator. Ifp,|? is the reflection
wavelength. Near-field microscopy using coaxi&l, coefficient at a resonant frequenty, then the coupling co-
microstrip/ or waveguid® resonators, offers higher spatial efficient between the source and the resonatopis(1
resolution. However, current techniques either require con=|p0)/(1+|po|). The loaded quality factor of the
tact with the sampl&,nhibiting quantitative interpretation of resonata®4 is Q =fo/Af, whereAf is the difference in
the data, have low sheet resistance sensitivity in conductingequency between the two points whépd?= (1+ 82)/(1
samples;”? or require additional image processing to obtain + 8)2. The unloaded quality factor, which is @ of the
sub-wavelength resolutichFor nondestructive sheet resis- resonator without coupling to the microwave source and de-
tance imaging of thin films, it is desirable to have quantita-tector, is therQ,=Q, (1+ ). We also measur®yy, and
tive methods that combine high resolution, high speed,
simple construction from commercially available compo- Microwave
nents, and straightforward image interpretation. We describé | g uce | Frequency control
here the application of an open-ended coaxial probe resonz fo
tor to obtain quantitative images of microwave sheet resis-

Directional r--------===-=-=--f------ r
X Feedback circuit
coupler

1

tance with\/80 spatial resolution. i 5 E
Our scanning microwave microscope consists of a reso- i Lock-in A B 1
nant coaxial transmission line connected to an open-ende: . S '
coaxial probe and a microwave sour@ég. 1).°-*2The mi- ' Ref E

crowave source, which is weakly coupled to the resonant H (&5 detector [ '=======pmmmmmmmmmmmmm oy -

transmission line through a decoupling capac@gy, is fre- 7r:ll['\
guency modulated by an external oscillator at a faig~ 3 Decoupler Ref.'

kHz. The electric field at the probe tip is perturbed by the : Oscillator
. , Lock-in
region of the sample beneath the probe’s center conductor 2f Jrpg =3 kHz
. . . . . M
We monitor these perturbations using a diode detector Whlct< ~

produces a voltage signal proportional to the power reflectec =
from the resonator. A feedback circtit(Fig. 1) keeps the
microwave source locked to a resonant frequency of the
transmission line, and has a voltage output which is propor-
tional to shifts in the resonant frequency due to the sample. |, {]
To determine the quality fact@ of the resonant circuit,
a lock-in amplifier, referenced aff 2, , gives an output volt-

Hrm
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dColor versions of the figures in this paper can be found at http:/FIG. 1. Schematic of the scanning near-field microwave microscope. The
www.csr.umd.edu/research/hifreg/micr_microscopy.html; electronic mail:inset shows the interaction between the probe and the sample, represented
steinhau@squid.umd.edu by a capacitanc€y and a resistancBy .

0003-6951/98/72(7)/861/3/$15.00 861 © 1998 American Institute of Physics
Downloaded 07 Aug 2003 to 129.2.40.3. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



862 Appl. Phys. Lett., Vol. 72, No. 7, 16 February 1998 Steinhauer et al.

560+ height = 800 um to determine which branch of thRy(Q) curve should be
i SMAAANAMAAAAAA A A A A A used.
MOKMXXXX X X X X X X X To better understand the system’s behavior, we modeled
540 200 pm the interaction between the probe and sample as a capaci-
i °°<> 80 um J tance Cyx between the probe’s center conductor and the
500 0006000000 0 0 © O O sample in series with the sample sheet resist&cesee Fig.
Q, 1).121% We assumed a parallel plate approximation for the
T 50 um : e 12 ~
+ 000 + + + capacitorCy , and tookRy= p/t,”* wherep is the sample dc
4 + + + o . . . '
500 A - O resistivity, andt is the film thickness. To fin@,, we calcu-
T o0 H)um lated the width of the resonant minimum in the reflection
480+ coefficient|p|? versus frequency curve, as described above.
50 pm model The model results for a height of 50m are indicated by the

C an dnnn dean . solid line in Fig. 2. To fit the data we used the measured
0 500 1000 1500 2000 Qo=555 andQ, =353 with the probe far away from the
Sheet resistance R, (</0) sample to fix two fitting parameters: the coupling capaci-
tance Cp=0.17 pF, and the transmission line attenuation
FIG. 2. Unloaded quality facto®, of the resonant circuit as a function of constanta=—1.26 dB/m (in close agreement with the
the sheet rgsis_tand%x_ of a variable-thickness alumi_num thin-film sa_mple. anufacturer's specified valtbof o= —1.23 dB/m). Aside
The labels indicate different probe-sample separations. A probe with a 50? i £ . Vi h del
um center conductor was used at a frequency of 7.5 GHz. The solid lin rom. a_ coupling aCtPr Invo V'ng.CX’ _t € mode . e}grees
indicates a model calculation for a probe-sample separation @frB0 qualitatively and predicts thBy which yields the minimum
Qo to within 10%. For largeRy, the model predicts a faster

) . . ) i ) return to the asymptotiQ, value of 555. The overall behav-
find that there is a unique functional relationship betwRgn o of this simple model confirms our understanding of the
andVy_ ; thus, we need to calibrate this relationship Onlysystem.

once for a given microscope resonance. In a typical scan, we To explore the capabilities of our system, we scanned a
recordVy_ . and afterward convelys_ 1o Qo. thin film of YBa,Cu;O,_ s (YBCO) on a 5 cmdiam sapphire

To determine the relationship betwe€y and sample substrate at room temperature. The film was deposited using
sheet resistanceRf), we used a variable-thickness alumi- pulsed laser deposition with the sample temperature con-
num thin film on a glass substrateThe cross section of the trolled by radiant heating. The sample was rotated about its
thin film is wedge shaped, implying a spatially varying sheetcenter during deposition, with the3 cm diam plume held at
resistance. Using a probe with a 5@@n diam center con- & position halfway between the center and the edge. The
ductor, and selecting a resonance of the microscope with ickness of the YBCO thin film varied from about 100 nm
frequency of 7.5 GHz, we acquired frequency shift apgl &t the edge to 200 nm near the center.
data. We then cut the sample into narrow strips to take two- F19uré 3 shows three microwave images of the YBCO
point resistance measurements and determine the local sh&@MPle. The frequency shiffig. 3@)] and Q, [Fig. 3(b)]
resistance. The unload&}} of the resonator as a function of were acquired simultaneously, using a probe with a @

Ry is shown in Fig. 2 for various probe-sample separations(.j'am center conductor at a height of 30m above the

We note thatQ, reaches a maximum &y—0; asRy in- se_lmple. Th? scan took approximately 10 min to.cor.nple_te,

. . with raster lines 0.5 mm apart. The frequency shifts in Fig.
creases(), drops due fo loss from currents induced in the3(a) are relative to the resonant frequency of 7.5 GHz when
sample, reaching a minimum arouritk=660 /1 for a q y )

. - . the probe was far awayX1 mm) from the sample; the reso-
h.elgh_t OT S0um. Slm!larly, asRx—, Qg increases due to nant frequency shifted downward by more than 2.2 MHz
diminishing currents in the sample.

We al h h h be is | q when the probe was above the center of the sample. Noting
e also note that when the probe s Qcatg /20 that the resonant frequency drops monotonically between the
above the bare glass substrat@y=549, which is only

. T ) edge and the center of the film, and that the resonant fre-
slightly less tharQ’ =555 when the probe is far away  q,ency is a monotonically increasing function of sheet

mm) from the sample. Using @o=1/Qs+1/Q", we find  agistancd? we conclude that the sheet resistance decreases
Qs=51000>Q" =555, whereQ is associated with losses in onotonically between the edge and the center.
the glass substrate, af@’ is associated with losses in the The frequency shift an@, images Figs. 3a) and 3b)]
transmission line. As a result, we conclude that the glasgjfter slightly in the shape of the contour lines. This is most
substrate has little effect o®,. In contrast, because the likely due to the 30Qum thick substrate being warped, caus-
dielectric substrate effectively |engthenS the minOSCOpeng a variation of a few microns in the probe_samp|e separa-
resonant circuit, frequency shift is highly sensitive to thetion during the scan. However, for a sample such as that
substraté?'® This suggests that we use tk@ data, rather shown in Fig. 3, with arRy variation across the sample of
than the frequency shift data, to generate substrate~1000/0], theQ, data are primarily sensitive to changes in
independent images of thin film sheet resistance. Ry, while the frequency shift data are primarily sensitive to
As shown in Fig. 2Ry is a double-valued function of changes in probe-sample separation. As a result, we attribute
Qo. This presents a problem for converting the meas@gd the difference between the frequency shift @glimages to
to Rx. However,Ry is a single-valued function of the fre- small changes in probe-sample separation, which will mainly

quency shift? allowing one to use the frequency shift data affect the frequency shift data. Since the valuesRgfare
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(a) (b) After scanning the YBCO film, we patterned it and made
— 7 = four-point dc resistance measurements all over the wafer.

The dc sheet resistance had a spatial dependence identical to
the microwave data in Fig.(8). However, the absolute val-
ues were approximately twice as large as the microwave re-
sults, most likely due to degradation of the film during pat-
terning.

To estimate the sheet resistance sensitivity, we moni-
tored the noise ir\/szM. We find theQ sensitivity of the

F ] system to be\Q, ~0.08 forQ,=555 and an averaging time
of 10 ms. Combining this with the data in Fig. 2, we find
22 20 18 16 510 520 530 540 550 ARy /Ry=6.4x10 "3, for Ry=100 /] using a probe with

Frequency shift (MHz) Qy a 500um diam center conductor at a height of aén and a
frequency of 7.5 GHz. The sensitivity scales with the capaci-

(€) ~ tance between the probe center conductor and the sample
O Cy); increasing the diameter of the probe center conductor
S~
3 250 and/or decreasing the probe-sample separation would im-
‘é prove the sensitivity.

(a4 In conclusion, we have demonstrated a technique which
8 200 uses a near-field microwave microscope to generate quanti-
g tative sheet resistance images of thin film samples. The
‘§ 150 strengths of our system include the ability to arrive at quan-

& titative results and to confirm our understanding of the sys-

b tem with a simple model. Other advantages include its speed,
8 100 i i

'o:) measurement frequency bandwidth, construction from stan-
N dard commercially available components, and the possibility

of enhancing its spatial resolution by using a probe with a

FIG. 3. Images of a variable-thickness YBCO thin-film a 5 cmdiam smaller diameter center conductdr.

sapphire wafer, where the film is the thickest at the center. The tick marks

are 1 cm apart for the images @ frequency shift relative to the resonant The authors would like to thank Alberto Pique of Neo-
frequency when the probe is far away { mm from the sample(b) un- g “Inc. for the YBCO wafers. This work has been sup-
loadedQ, and(c) sheet resistanceR). The arrows in(c) point to small
semi-circular regions where clips held the wafer during deposition, and thu®0rted by NSF-MRSEC Grant No. DMR-9632521, NSF
no film is present. The labels indicate values at each contour line. A prob&rant Nos. ECS-9632811 and DMR-9624021, and by the

with a 500m diam center conductor was used at a height of.50, at a Center for Superconductivity Research.
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