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Microwave Penetration Depth Measurement for High
T Superconductors by Dielectric Resonators

Hang-Ting Lue, Juh-Tzeng Lue, and Tseung-Yuen Tséaliow, IEEE

Abstract—The penetration depth A(T) dependence on tem- exponentialAN(T)) o ¢ (A/KT) temperature dependence for
peratures for high T: superconducting YBa CusO7_s thin films  s-wave (BCS) pairing states as calculated by Mattis—Bardeen
stored in various environments was measured by a well-designed (MB) [10], [11], and a power lavi? dependence for d&wave

microwave dielectric resonator. A d-wave T> dependence was 121 Ani it defect tteri h e
observed at low temperatures, while an exponential dependence of[12]. An impurity or defect scattering can change #ieepen-

the penetration depthA(T') relevant to the s wave was detected as dence froni”to 7% [13]. In general, the results ate\(T') o< T
temperature increases due to thermal fluctuation. An abnormal for clean limit andAA(7") o 7% for impurity scattering. An im-

upturn of the penetration depth at temperatures below 10 K purity scattered-wave with a mixture of-wave due to thermal
attributed to the surface current carried by the defect surface-in- fluctuation as proof of &2 dependence occurring at low tem-

duced Andreev bound states can be apparently observed without . ;
applying heavy-ion bombardment from this relatively higher peratures and an exponential dependence at high temperatures

frequency measurement. Readers who endeavor to start this kind Was.also proposed_[14]. _ o
of measurement can use the well-modified dielectric cavity in ~ Microwave techniques allow high-precision measurements of

conjunction with the detailed measuring procedure. the temperature dependence of the London penetration depth in
Index Terms—d-wave symmetry, highT. superconductors, mi- the oxide superconductors. Many new techniques have been at-
crowave dielectric resonator, penetration depth, surface Andreev tempted [15]-[17]to obtain more sensitive measurement. In this
bound states. work, we have probed the temperature dependence of the pene-
tration depth by a well-designed dielectric resonator with the ad-
|. INTRODUCTION vqntages of being easily detachaple fothe_z sample mounting and
microwave coupling. The base-line shift in thefactor mea-
HE DETERMINATION of the order symmetry of high syrement is solved from the Smith chart by drawing a perfect
1. superconductors is still being hotly debated [1]{3kjrcle with best fitting and re-plotting the; Sfrom the available
The current consensus regarding theiave symmetry in the gata provided in the circle, resulting in a precise determination
hole-doped cuprates rests to a considerable extent on the g4y The temperature variations with stability withir0.17 K
cess in interpretation of the anisotropy order paramaefi)  can be easily achieved without manipulating any novel temper-
around the positioriz [4]. Strong scattering potentials due toa¢yre controller. This measurement interposes evidence that the
nonmagnetic impurities lead to a finite energy spectral featurejgyrn of the AA(T') dependence off” at very low tempera-
the d-wave impurity band which causes a strong local suppregres can be observed for the defective surface of fhigthin
sion of the order parameter, resulting in a small change of thghs without a complex modification of the sample surface. The

low-temperature properties of the penetration depth measusgomaly ofA(T) due to surface defect-induced Andreev bound
ment [5]. Recent penetration measurements at low temperatuges can be readily illustrated.

[6]-[8] indicate that the London penetration depth(7) in
high’Z;. superconductors has a mixeg jd symmetry order-pa-
rameter. An anomaly upturn of the penetration depth depen-
dence on temperature at temperatures beélow= 15 K for The surface impedancg, of a metal film defined to be the
heavy-ion bombarded superconducting YBCO thin films arisirmgtio of the normal electric field over the surface magnetic field
from the surface current induced by Andreev surface boumd E, /(77 x H), can be derived to have the real and imaginary
states was reported [9]. parts as [18]

The deviation of the penetration deptfil”) from its low-tem-

Il. FORMALISM

erature value\(0), defined asAA (7)) = A(7) — A(0), has an w
p (0) (T) = A(T) = A(0) Ry —Re(Zy) = 25 (o] — o)
2lo|
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The surface resistandg, of superconductors can be derived copper wall Copper-made holder
from the quality factor of the dielectric resonator whe€g is :
defined as \.
0= 27Tf0(WE + W]w) . 27 focoer f |_E|2 dv (3)
- % RS f |H|2 da - RS f |H|2 da K-connector

Sap;f)hire
In general, th&) factor can be measured from the bandwidth o rod
the resonant frequency, which depends on the change of the p:
etration depth of the cavity wall. This frequency shiftis conven
tionally derived from the Slater perturbation method that onl
considers the skin depth of metals. However, the power law d
pendence of the skin depth on frequency cannot portray the €
ponential dependence of London penetration dependence. e
are compelled to apply the cavity perturbation theory to calChiy. 1. Construction detail of the dielectric resonator.
late the dependence of the frequency shift with@hiactor and

the surface impedance. E. andH_ and are illustrated in [19]. The continuities of the
and H fields at the boundary require

Copper-made holder

lll. DIELECTRIC RESONATORDESIGN
. . . . . . AJm(Sla) - CKm(S?a) - Elm(&a) =0 (6a)
A dielectric resonator (DR) with high dielectric constant can

greatly reduce the cavity volume and yield a high quality factor B Jn(61a) — D Kin(&ea) — F In(§20) =0.  (6Db)
for a low-loss tangent crystal. The most often used crystal is

) . . . y In'the case of nontrivial solution, the parametér3, C, D, E,
sapphire rod which has a dielectric constant o= 12, while F can be solved with the Jacobian determinant as shown in (7)
an alternate LaAl@hass = 25. The detail of the DR construc-

tion is shown in Fig. 1 where a sapphire rod is installed at tr?é the bottom of next the page, in conjunction with the disper-

i = 2. _ 32 = ./_ 2 2.
center of a copper-made cylindrical cavity. The superconductiSI(:g r:el?)tl?r?félgctrogquéé%;}c wgv’egf:an be d(e%{)cu)pl:erdﬁinto ei-
films with sizes slightly larger than the small inner diameter q .

. : : er the TE or TM modes, whereas for > 0, both TE and
the cavity are faced down on the sidewalls of the sapphire. Ti

copper discs enaaaed by sorinas are mounted on the films 14 modes can be excited simultaneously and are referred to as
bp gag Y spring the hybrid mode (HEM,..;,). In this work, we exploit the Tk,

make tight (_:ontact. A straight cqaxial gntenna with the pol node, which has a lower radiation loss than the TM mode out-
ethylene shield near the end being stripped off and formmgsﬁlJIe tt,1e dielectric rod. In this modeé, C, E are zero, and (7)
loop is inserted from the cavity side. The antenna soldered (?nn be reduced to ' T '

a female K-connector can precisely control the insertion dep ﬁ

by four screws mounted on the connector that are also engaged Jo(1a) —Ko(fea) —Io(&20)
by four springs. The coupling for the microwave power into the ; Jo(éra)  Ki(&a)  Ip(€za) | 0 (®)
cavity from the antenna can be adjusted readily from the inser- ¢ & & & -
tion depth. / /
0 K((&b T (&b
The appropriate electromagnetic fields propagating inside the 0(€2b) o(¢2b)
cavity can be solved from the Maxwell’s equation with propefhe coefficientsB, D, andF" are related by
boundary conditions. For a cylindrical cavity with a longitudinal D 7 I (&b
coordinate along the axis and an azimuthal radigsthe elec- B % 7 O(Sbla) (}(52 ) K (e
tric and magnetic fields within the dielectric rod are [19] 0(620)15(62) — Jo(§20) Kp(£:b)
B AJ —igs E — _JO(Sla)K(/)(S?b) (9)
1 - m(€1p) C(.)S(md))e,j’az for0<p<a (4 B~ Ko(&a)I}(Exb) — Io(E2a) Kb (E2D)
H.y = BJm(&1p) sin(me)e™ The energy stored inside the sapphire rod is
whereé; = /(w/c)?e, — /32, L is the cavity length, ang = W, = Soer \E|” dV
pr/L is the propagation constant. The fields within the space 179 ot
a < p < bwill be coennil (21 > e
== ( gOf) | Vianlede o)
0

E.o =CK,,(¢ap) cos(mep)e ™% + EI,,,(€2p) cos(mep)e 5=
H.; = DK,,(&p)sin(m¢)e™5% 4+ F1,,,(€4p) cos(mep)e =757
® Wa=7 [|Ealav

where¢; = \/—(w/c)? + 2. The other components along the  _ 7L <27Wof>2 /b \DK!(€2p) + FI,(€20)2p dp
radiusp and azimuthap directions within the dielectric rod for 2 & a 0 0 )

p < a, and between the spaae< p < b can be derived from (12)

and the energy stored outside the sapphire rod is
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The power loss on the sample including both the upper an Cavity equivalent circuit
lower planes is

PSIZ*%RS {/ |HP1|2da1 +/ |HP2|2da2}
inside outside
\° [¢ \° [
=R, -2r-{| — J§ ’pd +<—) /
(%) [wenrsar () [
| DKy (&ap) + FLy(&2p)Ppdp = R, - g, (12)
whereas the power loss on the copper wall is

wall

= T (DEo(eob) + Flo(eh)] = Ru g0 (19

The quality factor yields

27 fo(W1 + Wa)

Q= (14)

Fig. 2. Equivalent circuit of a microwave resonator. The surface resisfance
and the effective inductanck; of the superconducting film are included in
where g, and g,, are the geometric factors as specified ifieries to the cavity resistanéeand inductance..

(12)—(14), respectively. To obtain a higher accuracy in the ) S
determination of sample resisitivity, the cavity lengttshould 1S the new resonant frequency, and the coupling coefficient is

be much shorter than the radiiis defined by
The equivalent circuit including the coupling from the an- (wM)? 1
tenna to the cavity can be simulated by a lossy transformer as K= 7R — (7)
shown in Fig. 2, from which the input impedance becomes [19] 1+ (‘“Z—Ll)
wg M? The condition of coupling occurs whes < 1, which means

Zin(w) = jwLy —j (15) undercoupledk = 1 which means critical coupled, arfd >

1, which means overcoupled.
r The reflection coefficient measured directly from the network
e}/nalyzer will be

_ Zinw) —Z. (K —1)—j2Q0¢
 Zlpw)+Ze (K +1)+52Q08"

e absolute value and phase anglé& @fre respectively

2L0(W—W0—j%)

whereLg and L, are the inductances of primary and secondal
coils respectivelywy = 1/4/LoC and@Qg = woRC = R/wLlyg.
The cavity resistanc& and inductancé,, are composed of the
surface resistanc, and inductance attributed to the supercon-
ducting film. We can detune the resonant frequency by shiftinﬁ1
the observing points along the transmission line by a ledgth
such thatan(8¢) = —(wLo/Z.) where = 2x/A. Then (15)

| = \/

r

(18)

(K — 1) + (2Q08")?

becomes
(K +1)? + (2Q0¢")?

(19)
Z;,n(w) _ K _ K
Ze  1452Q0(6 —80) 1+ 52Q08

(16) and
¢ = tan ™ <M> =tan~! <( AR Q0¥ ) .

whereZ, is the characteristic impedance ahet (w —wy)/wo, Rell 2Q06")? + (1 — K)?
(50 = (w(/) — wo)/wo = (K/QQo)(le/Zc), (5/ = (5 — (50, w{) (20)
']rn(gla) 0 _Krn(£2a) 0 _Irn(£2a) 0
0 Jm(&a) 0 —Km(ﬁga) 0 —Im(é’ga)
3 3 3
oIl LI (6w GKLGn)  FUKLGn) Gl L1, (60) o
€0 -, 3 ) 3 ) 3 =
L ) G dalei)  SLK(Gn) e Kltan) L (6) G T
0 0 Krn(£2b) 0 Irn(£2b) 0
O Ko(6ab) T La(ad)  BEKL,(62) Bl (€2D)

b
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In the practical measurement, the coupling is kept underco
pled (K < 1) to obviate the field perturbation that implies mea:
surement error. The Smith chart of;Sin this case, shows a
circle with a radius smaller than 1. Since the loadgdactor
depends critically on the coupling constdnt the unloaded) Movable
value can be solved by two methods as described as insertion t“be\

i) Directly measure the reflectivityat the full-width of half

K-comnector

3.5mm coaxial transmission line

He-gas outlet
maximum (FWHM) of the resonant curve which occurs |_ / i &
at Dewar T ~ O-rng
Af 2 1 + |F111in|2

r + — = 21

0+ . @1)
The loaded quality facto€;, and the unloaded quality D — m—  COPPCT CBP
factor Q) can be evaluated a8, = fo/Af, Qo = Silicon
(2/(1 & |I'min]))@Qr, and the coupling constadt = Helium vapor sensor

(1 F Ipin)/(1 £ I'iin), where the symbot means un-
dercoupled, and means overcoupled conditions, respec } é

tively.
ii) Directly solve the@), from curve fitting of

Liquid Helium

e D,

(K +1)2 + (20 F=1 2 Fig. 3. Stainless steel insertion tube that can control the cavity temperature
0 f from 4.9 K to 80 K just by changing the insertion depth above the liquid helium
level.

where the constari is derived from the deviation of the
base line from 1 db, since the radiation loss is pronounce 127
at high frequency. The constafit can be readily deter-
mined for the base line parallel to the horizontal line.

() =C x

overcoupled /F

undercoupled
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS P J/

08
A c-oriented sapphire rod of~34 mm in diameter with a

length of 3-6 mm was implemented as the dielectric resonato
The dielectric constart, is 11.6 along the=-axis and is 9.4
along theu—b plane. The YBaCus; O, superconducting films
were deposited by laser ablation on substrates of LgAlfd
SrTiOs, at film thickness of 300 nm and 400 nm, with onse!
critical temperatures at 82 K and 84 K, respectively. A movabl i
insertion tube, as shown in Fig. 3, can be exploited as atempr 0.2
ature variation controller just by lowering down the cavity unit

at different depths above the liquid helium level. The tempere. Temperature (K)
ture can be stabilized withif:0.17 K at different positions of
the DR at thermal equilibrium.

In this measurement, we found that e fluctuates largely The Smith chart as shown in Fig. 6 reveals that near the critical

with the coupling constank while the ¢, derived from the .
method mentioned in the previous section retains a Constgemperatur@c (at 77 K), the coupling changes from undercou-

value within a variation of 5%. The coupling constditas a p?ed to overcoupled near 4 K, which clearly shows the correct-

function of temperature is plotted in Fig. 4. According to Equarless of (17). This means thAt increases with the decrease of

tion (17), K is inversely proportional tat. The reason thak’ resistivity R. The penetration depth A(T") can be deduced via

L . . . 2) and (3) from the measured value, with the results of the
decreases with increasing temperature is due to the increasi - .
. . . emperature dependence®h(T’) as shown in Fig. 7. The solid
input resistancel{) as temperature increases. Thg &flec-

tivity as measured from the network analyzer HP 8722D, gge Is the fitting curve with the Mattis-Baddeen theory [11]

shown in Fig. 5, indicates that the resonant frequency an@the AT — AN4K) A A
factor both increase sharply as the temperature decreases. In the A VN &Pl (23)

) . A(4K) 2kT kT
case when the base line of thg 8urve is not parallel to the hor-
izontal 1 db line, the Smith chart will be distorted from a perfeathereA = 3.48k7T, is the order parameter. THewave predicts
circle. A circle is drawn by best fitting as shown in Fig. 6, and théhe power law dependence [20\(T') « 1 or 7 at the low
new S is replotted from the data adopted from the Smith chatemperature region, which is fitted as the dashed line. However,

06

Coupling factor, K

04 -

10 20 30 40 50 60 70 80

Fig. 4. Coupling coefficientfy, as a function of temperature.
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A=3.48KT,
By 49 0 ¢
.30 . I s ' L
28.98 28.99 29.00 2901 2002 2903 -100 : : : :
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Temperature(K) T

Fig. 5. S reflectivity at various temperatures for the freshly prepared. o ) .
YBaCO sample. Fig. 7. Deviation of the penetration depth\(7") at various temperatures for

the freshly prepared sample. The fitting curvesI&f (dashed curve) and the
Mattis—Bardeen theory (solid line) are also shown.

Smith chart
0.20
015 ¢
? 010
5
x 005
0.00
Ju] 2.0 4lD 6‘0 8.0
Temperature (K)
(@
0.16
0.14 ¢
012 ¢+
Fig. 6. Smith chart of the above sample showing the coupling changes fro __
overcoupling to undercoupling as the cavity temperature increases from 4.9 £ 010
to 77 K. S
o o008
the empirical result below 15 K reveals an abnormal upturr -t
advocating the existence of surface bound states even withc
artificial heavy-ion bombardment [9]. 004
With the samples stored in air with high humidity for three
days, the surface resistangg, as shown in Fig. 8(b), increases 002 p - pos P
linearly with temperaturd’ below 50 K, which is quite dif-
Temperature(K)

ferent from the flat results [Fig. 8(a)] of the freshly preparec
samples. This fact is usually attributed to the moisture absorp- (b)

tion and gradually desorption of oxygen atoms especially aftey. 8. Surface resistances at various temperatures for (a) the freshly prepared
warming from the liquid helium temperature. Since at tempergBacuo Sam_Plel and (b) for the sample stored in high humidity air for three
tures far below?” < A /k the quasinormal electrons are hardl39I ays, respectively.
excited fors-wave superconductors, tii& should be kept con-
stant. TheAA(T') for this sample as shown in Fig. 9 reveals thdata that can be fitted with thewave temperature dependence.

same evidence of the upturn below 10 K with the experimentahis abnormal upturn at low temperatures can be prosaically ob-



438

MTyA4K) (nm)

800

100

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 51, NO. 3, JUNE 2002

[4] B. J. Annett, N. Goldenfeld, and A. Leggefhysical Properties of
High: Temperature SuperconductpB. M. Ginsberg, Ed. Singapore:

400 b World Scientific, 1996, vol. 5, pp. 375-361.

[5] M. H.Hettler and P. J. Hirschfeld, “Scattering by impurity-induced order
parameter holes id-wave superconductorshys. Rev. Bvol. 59, pp.

300 | 9606-9610, 1999.

[6] L.J. Chen and J. T. Lue, “The transition from tHeto s-state due to
thermal fluctuation for higfT", superconductors as an evidence from the

2001 microwave penetration depth measuremetEEE Trans. Microwave

Theory Tech.vol. 46, pp. 1251-1256, 1998.

[7] R.Modre, I. Schurrer, and E. Schachinger, “In-plane London penetration
depth superconductors with mixed-symmetry order parametehs;s.
Rev. B vol. 57, pp. 5496-5504, Sept. 1998.

ol [8] I. Kosztin and A. J. Leggett, “Non-local effect on the magnetic pene-

tration depth ind-wave superconductorsPhy. Rev. Lett.vol. 79, pp.

135-138, 1997.

-1000 . y y . [9] H. Walter, W. Prusseit, R. Semerad, H. Kinder, W. Assmann, H. Huber,

Fig. 9.
for three days.

0 40 60 80 H. Burkhardt, D. Rainer, and J. A. Sauls, “Low-temperature anomaly

Temperature(K) in the penetration depth of YB&us O films: Evidence for Andreev
bound states at surface®hys. Rev. Lettvol. 80, pp. 3598-3601, 1998.
Penetration depth \(T") for the sample stored in high humidity air [10] D. C. Mattis and J. Bardeen, “Theory of the anomalous skin effect in
’ normal and superconducting metalBfiys. Reyvol. 111, pp. 412-421,
1958.
[11] J. P. Turneaure, J. Halbritter, and H. A. Schwettman, “Interpretation of
the temperature dependence of the electromagnetic penetration depth in

served in this work without any special surface treatment, prob-  yga,c,0,_,,” J. Supercondyol. 4, pp. 341-355, 1991
ably arising from the higher resonant frequens}30 GHz) that  [12] J. F. Annett, N. Goldenfeld, and S. R. Renn, “Surface impedance of su-
we employed in comparison with the much lower frequency perconductors and normal conductors in metd®ys. Rev. Bvol. 43,

pp. 2778-2782, 1991.

(below 10 GHz) applied in other groups. Thereby, the Surfac?ﬁ] J. R. Cooper, “Power-law dependence of dlheplane penetration depth

effect will be prominent at higher frequency. in Nd; 55Ce.15Cu0;_,," Phys. Rey.vol. B.54, pp. R3753-R3755,
1996.
[14] L. J. Chen and J. T. Lue, “Thermal fluctuation of the order parameter
V. CONCLUSION symmetry in highT,. superconductors revealed from the penetration

depth measurement3olid State Communvol. 105, pp. 155-159, 1998.

In this work, we have designed a microwave dielectric res{i5] C. P. Bidinosti and W. N. Hardy, “High precision ac susceptometer for
onator, which is easily detachable for mounting the supercon- measuring the temperature and magnetic field dependence of the pene-

tration depth in superconductor single crystaRev. Sci. Instrumvol.

ducting films and chgngmg the coupl|r]g _coeff|C|ent to measure 7 op. 38163821, 2000,
the London penetration depth. The variation of temperatures cgme] A. Gauzzi, J. Le Cochec, G. Lamura, B. J. Jonssen, V. A. Gasparov, F.
be readily obtained with a rather high stability just by raisingand ~ R. Ladan, B. Placais, P. A. Probst, D. Pavuna, and J. Bok, “Very high

lowering a simply constructed insertion tube. The drawing of the

resolution measurement of the penetration depth of superconductors by
a novel single-soil inductance techniquBgv. Sci. Instrumvol. 71, pp.

perfect circle from the measured reflectivity data in the Smith  2147-2153, 2000.
chart and re-plotting the;$ adopted from the Smith circle yield [17] V.V.Talanoz, L. V. Mercaldo, S. M. Anlaag, and H. H. Claassen, "Mea-

results that are immune from the error attributed to the deviation

surement of the penetration depth and surface resistance of supercon-
ductors and normal metals with the variable spacing parallel plate res-

of the base line from the 1 db horizontal axis due to radiation  onators,’Rev. Sci. Instrumvol. 71, pp. 2136-2146, 2000.

loss.

The temperature dependence of the London penetration

[18] J.J. Winfield, J. P. Powell, C. E. Gough, and A. Porch, “Sensitive mea-
surement of the surface impedance of superconducting single crystals
using a sapphire dielectric resonatdEEE Trans. Appl. Superconduct.

depth measured at relatively high frequency in comparison with  vol. 7, pp. 2009-2012, June 1997.
other groups reveals that the anomaly of the upturn below 10KkL9] D. M. Pozar,Microwave Engineering New York: Addison-Wesley,

attributed to surface currents carried by surface defect—induceigo]

1990.
W. Xu, Y. Ren, and C. S. Ting, “Ginzburg—Landau equations for a

Andreev bound states can be observed without a complex ~ d-wave superconductor with nonmagnetic impuritieBHys. Rev. B
heavy-ion implantation. The power lad\(T) ~ 7 depen- vol. 53, pp. 12481-12495, 1996.

dence occurring at low temperatures illustrates theave

symmetry for the highl. superconductors, while the expo-

nential behavior at high temperatures alludes to the thermal

fluctuation from thed-state tos-state ord + js mixed state.

(1]

(2]

(3]

REFERENCES

R. Prozorov, R. W. Giannetta, P. Fournier, and R. L. Greene, “Evidence

for nodal quasiparticles in electron-doped cuprates from penetratibtang-Ting Lue was born in Hsinchu, Taiwan, R.O.C., in 1975. He received the
depth measurementhys. Rev. Lettvol. 85, pp. 3700-3703, 2000. B.S. and M.S. degrees in physics from National Tsing-Hua University (NTHU),

I. Bonalde, B. D. Yanoff, M. B. Salamon, D. J. van Harlingen, E. M.Hsinchu, Taiwan, in 1999. He is currently pursuing the Ph.D. degree in the elec-
E. Chia, Z. Q. Mao, and Y. Maeno, “Temperature dependence of tlécal engineering at National Chiao-Tung University (NCTU), Hsinchu.
penetration depth in $RuQO,: Evidence for nodes in the gap function,” His specialties include the quantum mechanics, electrodynamics, computer
Phys. Rev. Lettvol. 85, pp. 47754778, 2000. programming, semiconductor device physics and processing, microwave circuit
M. Salluzzo, F. Palomba, G. Pica, A. Andreone, |. Maggio-Aprile, Odesign, and measurement techniques. His current research is focused on the ap-
Fisher, C. Cantoni, and D. P. Norton, “Role of Nd/Ba disorder on thglication of ferroelectrics in microwave circuits, device modeling, and de-em-
penetration depth of NdB&u; O-_, thin films,” Phys. Rev. Lettvol.  bedding techniques of RFCMOS. He is going to be a member of the Emerging
85, pp. 1116-1119, 2000. Central Laboratory, Macronix International Co., Ltd., Taiwan.



LUE et al. MICROWAVE PENETRATION DEPTH MEASUREMENT 439

Juh-Tzeng Lue was born September 22, 1943, in Taichung, Taiwan, R.O.0seung-Yuen Tseng(SM'94-F'02) received the Ph.D. degree in electroce-
He received the B.S. degree from the National Chung Kung University, Taiwaamics from the School of Materials Engineering, Purdue University, West
in 1965, the M.S. degree from the National Tsing-Hua University (NTHU),afayette, IN, in 1982.

Hsinchu, Taiwan, in 1969, and the Ph.D. degree from Duke University, Durham Before joining National Chiao-Tung University, Hsinchu, Taiwan, R.O.C.,
NC, in 1974. in 1983, where he is now a Professor with the Department of Electronics Engi-

He is currently a Professor with the Department of Electrical Engineerimgeering and the Director of the Institute of Electronics, he was briefly associated
and the Department of Physics, NTHU. In 1977, he was Guest Scientist Kewith the University of Florida. He is a registered professional engineerin R.O.C.
forschungszentrum, Karlsruhe, Germany. His areas of interest include nonlinea professional interests are ferroelectric thin films and devices, electronic ce-
optics, laser systems, solid-state electronics, microwave theory and techniqeeesics, ceramic sensors, and high temperature ceramic superconductors. He has
and electron spin resonance spectrometry. published more than 240 technical papers.

Dr. Lue was a Humboldt Fellow from 1981 to 1982, he was on the Optical Dr. Tseng was selected Fellow of the American Ceramic Society for “his
Society Executive Committee from 1981 to 1983, and the Solar Energy Sociefytable contributions to the ceramic arts and sciences” in 1998 and IEEE Fellow
Executive Committee from 1980 to 1982. He received the Highest Engineeriftg the contribution in ceramics and sensors in 2002. He was the recipient of
Academic prize of the R.O.C. Ministry of Education in 1982, the Distinguisheithe Distinguished Research Awards of the National Science Council, R.O.C.,
Research Awards of the National Science Council, R.O.C., from 1983 to 199395 to 2000, the Distinguished Contributions Award from the Chinese Ceramic
and the Distinguished Professor Awards of Lee Yuan Tzerg, from 1998 to 20@ciety in 1999, and the Distinguished Electrical Engineering Professor Award

from the Chinese Electrical Engineering Society in 2000.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


