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Anisotropic Permittivity and Attenuation Extraction
From Propagation Constant Measurements Using an
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Abstract—In this paper, a full-wave spectral-domain integral- The various loss contributions will also be evaluated (beyond
equation technique is used to study double substrate layer coplanar \what was presented earlier on just permittivity2[8Jincluding
devices with the ferroelectric thin film adjacent to the conductor the ohmic (conductor loss) contribution, which appears to be
guiding interfacial surface. The Green’s function is used in the . i ¢ d to oth ibl I, hani Sub-
anisotropic situation for anisotropic permittivities. In examining signmcant compare _0 other possible loss _mec anisms. su
specific laboratory data, going from an unbiased static electric field Strate and ferroelectric bulk loss, characterized by a loss tan-
to the biased case, the permittivity tensor is allowed to go from gent, are treated in a fully self-consistent way in the Green'’s
a unity tensor to a uniaxial one. Consistent with this permittivity  function construction. Ohmic loss, by the interfacial guiding
tensor behavior, the attenuation trend with frequency and its am-  conjanar metal, is treated in two alternative fashions. Dyadic
plitude is also found. Green'’s function element modifications within the self-consis-

Index Terms—Anisotropic, attenuation, coplanar, electromag- tent process or a perturbational ohmic-loss contribution after the
netic propagation, experimental data, ferroelectric, Green’s func- self-consistent process, yield the attenuation constant
tion, simulations, spectral-domain code, thin-film devices. ’ '

Il. FERROELECTRICPERMITTIVITY TENSOR

| INTRODUCTION In general, assuming the crystalline principal axes of the fer-

ETERMINATION of ferroelectric thin-film permittivities roelectric film are oriented in the coordinate directions, the per-
has relied upon the measurement of interdigitated capamuittivity tensore looks like
itor values at several hundred megahertz to a few gigahertz [1],

[2]. This is a reasonably reliable way to assess the actual permit- B £za(0) 0
tivity values. However, it would be nice to be able to extract the g(0) = 0 &,0) O 1)
permittivity values when the frequency increases significantly, 0 0 e.-(0)

and this appears to be promising for transmission-line devices

which rely upon wave propagation down a length of uniford the unbiased situation, i.&ia = 0. When bias is applied,

transmission-line structure [3]. £ becomes
In this paper, we will report on the theoretical procedure to €z (Epias) 0 0
extract the tensor aspects of the permittivity of the ferroelecg(EbiaS) = 0 €y (Ebias) 0 )

tric, due to either intrinsic or imposed anisotropy, the simulation
. . . 0 0 Ezz (Ebias)

technique developed relying upon using a full-wave spectral-

domain integral-equation method using an anisotropic Greeiach tensok element can be a function of each of the three

function [4], [5], and numerical results based upon recent fabfias field component®;; s, Wherei = z, y, z. If we assume,

cated and measured devices made from Ba_,TiO; mate- for simplicity, diagonal functional projection of the bias field

rial. General theoretical discussions of various tensors for fglomponents onto the permittivity tensérelements, then we

roelectric and ferromagnetic materials, as well as other crystg|ad

and their spatial rotations are available elsewhere [6], [7]. Ex-

traction issues are examined there also [6], [7]. B Eaz(E, vias) 0 0
g(:Ebiaus) = 0 Eyy(Ey, bias) 0
0 0 Ezz(Ez,bias)
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Fig. 1. Cross-sectional diagram of the ferroelectric microwavEig. 2. Cross-sectional diagram of the ferroelectric microwave
transmission-line structure with dimensions and permittivities indicatdgansmission-line structure with dimensions and permittivities indicated
for the Ba.5 Sty TiOs stoichiometry film over an MgO substrate. for the Bay.s Sto.4 TiO3 stoichiometry film over an LaAl© substrate.

it is assigned to thgy andzz tensorg elements in (5) so that
eyy = €. = £(0), converting (5) into
Using the hexagonal perovskite crystalline form for,Ba

I1l. COPLANAR PERMITTIVITY TENSORFORMS

Sr;_, TiO3 material, with thec-axis parallel to the,-axis and exa(Be,bias) 0 0
having different properties than in the andb-axes directions E(Ey, bias) = 0 e0) 0 |. @)
parallel to thezz-plane and having the same effects, the tensor 0 0 €(0)

€ looks uniaxial in the unbiased case _ _ _ _ _
Once (7) is available, the process of repeated iteration with

exx(0) O 0 .2, the unknown to be found, can be started. The iteration

2(0) = 0 £4,(0) 0 . (4) process stops Whehy (e, (Ex bias)] = Pexp has been satis-
0 0 £20(0) fied. We note here that the dependence of various ferroelectric
e coplanar cladded structures have been studied for the form (6),

This e, = .. equality is broken under bias in the coplanafith varyinge(0) and geometric dimensions [10]. These canon-
device, where for the thin films under considerati@h,,. ~ ical structures do include the direct calculation (versus the re-

E. pias? is a reasonable approximation [9]. Thus, the ferroele¥erse extraction procedure to follow below) of the ferroelectric

tric effect make< become substrate coplanar device type.
€22 (L, bias) 0 0 IV. NUMERICAL EXTRACTION OF PERMITTIVITY
E(Ebias) = 0 g0 0 |, (B) TENSORELEMENTS
0 0 €22(0) Figs. 1 and 2 show the geometry of the thin-film structures
) o o simulated using the full-wave code. The first structure usgs Ba

In order to make the extraction of the tensor element valuggpstrate. The second structure has a compositional ratie-of
simple and unique, we impose the condition of isotropy Upqyg over an LaAlQ substrate. Both structures have the same
the unbiased tenserin (4) to give size enclosure consisting of perfect electric walls. Box width
isb = 174 um, with substrate, ferroelectric film, and air re-

B =(0) 0 0 gion thicknesses beinfj; = 508 um, iy = 0.5 pm, and
g0)=1 0 €0 0 |. (6) hs = 174 um. Relative dielectric constants of the substrates
0 0 <0 areegy, = 9.65 andegy, = 23.5 for MgO and LaAlG;, respec-

tively. The center strip widthw, = 6.4 pm and slot gap size
When this done, the value f0) is iterated until the phase prop-w, = 5.5 um for the film over MgO substrate. These num-
agation constants determined experimentally and numericdblgrs are considerably larger for the film over LaA|eing
agree, i.e., untiff;;,[e(0)] = Bexp. Once this value is on hand,w; = 32.76 pm andw, = 16.4 pm.
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Fig.3. Phaseanglefak,, 6., (degrees), against frequency (in gigahertz) for the B2x, 5 TiO5 ferroelectric film over an MgO substrafe, ;.. = 0, 10, 20, 30,
and40 V.

Fig. 3 shows a typical phase angle measurementsfor than the lower curve, and we expect its nominal dielectric con-
6,1 over the 0-20-GHz frequency range, giving the cumustant value to be bigger. This is the case as seen from the de-
lative phase angle seen by the propagating wave traveliggmined scalar permittivity valug0) = 123.9. For the lower
through the device made with MgO. The device preparedirve,3 = 3.413, which yields a permittivity tensa of
over MgO had a length of. = 0.85 cm, whereas the device

made with LaAlQ had L = 1.00 cm. Measureddz; on a B 100.2 0 0
network analyzer has-180 < #,; < 180, thus, the curves E(Vhias =40V) = 0 123.9 0 . (9)
in Fig. 3 have been appropriately modified by the formula 0 0 123.9

021, new = 021 014 £ mod360. Four bias voltage curves are
shown hereVi,i.s = 0,10,20,30, and40 V (measurements  Electric-field value associated with this tensor solution is

were also made at the reverse voltages, but they are neitf@gnd from £, yias = Viias/w, = 47.06 Vicm. It is the elec-
provided, nor necessary for the following analysis). tric-field value that is the fundamental quantity, not potential

To make a comparison to the simulation results available frofifference, since it directly affects the permittivity behavior of
the full-wave codef,, is converted into a normalized propagathe ferroelectric material film.

tion constant, This is done by using the simple formula Obviously, itis possible to do the previous calculation at each
measured frequency point, allowing a plot of théensor ele-
3 = 621 /[Lko] (8) ments. Since it is the,, element that varies, it alone can be

plotted versus frequency. Its value will be fairly flat since the

wherek, = the free-space propagation constant. Note that, ¢arves in Fig. 4 are fairly flat. Variation ovefr will be due to
use the full-wave code, the number of basis functions, usedeperimental error, small film material variation over the de-
expand ther and> components of the electric field at the intervice surface, and unwanted external and extraneous circuit ef-
face where the guiding slots exist, is setitp = n. = 3 and fects. Since the coplanar device at these dimensions is an ex-
that the number of Fourier spectral terms= 200. tremely low dispersive structure, we do not expect fundamental

These new results are plotted in Fig. 4, which shows the tfir@quency variation behavior unless the material itself displays
casediias = 0V and40 V. The permittivity extraction method, such behavior. It is possible to incorporate such material disper-
discussed in the final section, based upon (6) and (7), has bsi&e behavior into thé tensor, although we have not done that
applied at 10 GHz on this figure. (All the loss mechanisms ane this paper.
turned off in this section, in order to focus on the main physical Finally, in Fig. 5, a typical phase angle measurementioy
characteristic of ferroelectric devices, permittivity modificatiords; over the 0-20-GHz frequency range is shown, giving the
Loss contribution in relation to the phase behavior, and its afumulative phase angle seen by the propagating wave traveling
fects on the permittivity tensor are covered in a later sectiortbirough the device made with LaA}OFig. 6 shows the normal-
The top curve foli,i.s = 0 V has a higher slowing = 3.614 ized propagation constagtresults for the device made with an
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Fig. 5. Phase angle foss:, 6> (degrees), against frequency (in gigahertz) for the, £3r, 4TiO; ferroelectric film over an LaAl@ substrate.

bias = 0,10,20,30, and40 V.

LaAlO; substrate over the 10-20-GHz region. Dielectric corrig. 6 (3,,[V = 0] = 5.110), while the experimental curve
stant is much higher for this device with the scalar permittivitglisplays some mild oscillatory character. (Note also that this

£(0) = 723.0 found from 3,,[e(0)] = Beyp 8t Viias = 0

line is the rms average over the band of the experimental data.)

V. A solution was obtained as the upper flat line indicates ifihe theoretical3,;, goes through the average value of the ex-
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perimental da@exp over the frequency range studied. For th€ombining (13) and (14) gives us the experimental attenuation
lower curve (,,[V = 40] = 4.576), whereW,;,. = 40 V  constantue,,

(B2 bias = 40 V/cm), the permittivity tensog is found to be
_ |321 |c0rr(dB)

4412 0 0 Yo = T 0L logyg e (15)
E(Vbian = 40V) = 0 723.0 0 (10) Again, as we have done earlier, this component of the propaga-
0 0 7230 tion constant is converted into a normalized value by the simple
prescription
V. ATTENUATION MODELING
a=2 (16)
Fig. 7 provides the corrected insertion-loss measurement ko

|s21 |corr IN decibels, over the O_Z_O'GHZ frequency range fQnich is what the code works With.,,, in decibels/millimeter
the MgO substrate device. Four bias voltage curves are ShoY&”pIotted[—|321|Corr(dB)/L(mm)] in Fig. 8 for the two cases

Vhias = 0,10,20, 30, and40 V. Here, Viias = 0V and40 V for the MgO substrate.
, 7L/2 Loss in the substrate is accounted for by an estimated loss-
|821 |core = |52 (11) tangent valugtané = 1.8 x 10~* at room temperature for
1—|s1]? MgO. Loss in the ferroelectric material is thought in this ex-

perimental device material to be roughlyné = 1.0 x 1072,
The code(n, = n. = 3 andn = 200) was compared to [11],
521 |cors (AB) = 101ogo(|521 |20 )- (12) whi_ch is also a full-wave calqulgtion, for dielectric-loss eval—.
‘ uation and found to agree within 1%—the test case was mi-
This value is related to the attenuation constant of the devic®strip with width2w = 0.500 mm, substrate heighf =

so that the insertion-loss value |k, | must be

& = exp DY the power relationship 0.500 mm, relative dielectric constaat, = 10.0, box width
el = 2a = 20 mm, box height above substrate (air regien)
P = Poe (13) h = 19.5 mm, andtan§ = 2.0 x 10~* and1.0 x 10~ (no-

tation used from [11]—note that, in this reference, an approxi-
mate two-term expansion was used for surface curfgntvith
g = 0).

P Loss due to the interfacial conductor metal, made of pure
[s21fcor: = i 4 sivert = 1.5 x 1076 m = 1.5-um thick with a resistivity of

where F, is the injected power and® = P(L) is the power
exiting the device. The relationship between (12) and (13) is
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p = 1.629 x 10~% Q- cm, is modeled by two separate apeoplanar arrangement of metallization, we have chosen the gen-
proaches. The first approach realizes that to include the effeetal form

of conductor loss self-consistently in the determinatiof¥ oé-

quires that the Green’s function algorithm be altered. This §8s3 =
done by modifying the impedance Green’s function diagonal
elementssy;, ¢ = x, z to read l (14 j)wes/6 ] } (18)

wCS

ell Wes + 2ujslot

{<1+j>j—5+c<f>

tanh[(1 + j)wes /0]

G;z =G, — G, (17) where
v 1
. : : cdf=a s 6= ————. (19)
It is known that a simpl&7,; = 1/(ot) form [12] for a mi- fo V7 oo

crostrip will estimate the magnitude of the effect, but not the

frequency dependence feclines slightly withf, whereas In (18), the first factor handles the resistance contribution to
increases). (Note that, in [L2]and. ought to réad —05 /M;] the impedance, withv.s being the effective coplanar metal
oy 4 10—6’9 i 2c44 49 - cm and this will width. The next curly-bracketed factor handles both the finite

yield all the shown magnitudes and frequency curve dependgﬂgkness and/or width of the met?' (pomparisqn made .to the
cies in that paper.) Modification of this to k&, = Av/FG.1 skin depth), and the frequency variation. The first term in the

for a microstrip will explicitly inject the known skin-effect Sur_brackets accounts for the interfacial coplanar ground planes.

face-resistance dependence on frequency, but it does not re Jz)e_ second term accounts for the center conductor strip of width
duce thewey,, although it does increase with frequency anl%‘f“ offset from the interfacial ground planes byslo@w@tb@?t .
thus, is a much more favorable result [12] ([12, eq. (9)] uses square-bracketed form of the second factor in this term is sim-

in gigahertz units andt should bed = 0.287). However, using |Ia|r:to r;r;:crostnlp forn:jm .[14]’ wrllt'hthreplace%blywcs)i led
a G = [1/(06)]ycoth(yt/) form, wherey = 1 or 1 + j or the coplanar device, which we model as two couple

(for resistive or complex surface impedance), which is considlots, with the fields in the interfacial slot locations expanded

tent with earlier work of ours in kinetic inductance effects fof! & C(?mpletg set Of. basis functions, we_need the admittance

superconducting transmission lines [13] and is the form fow%reen § function, which has been shown in [16] to be

in [14] for microstrip lines, does yield agreement (within a few , 1 G, -G

percent usingan § = 4.0 x 10~*) with experimental work [15]. Gaa = det G’ | —@, a.,
Using this knowledge of the dyadic surface impedance forjyqre

for microstrip, and accounting for the substantial amount of

field lines that couple between and penetrate laterally into the det =G, G, -G, G... (21)

(20)
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Fig. 8. Laboratory measured.,,, is plotted for the two cases: (&),;..s = 0 V and (b)40 V for the Ba .5 Sr,.5 TiO3 ferroelectric film over an MgO substrate.
Theoretical attenuative results, = @, k0(201log,, e)] are shown too for only substrate lass..,, thin-film ferroelectric bulk loss. , both of these bulk effects
suife, ONly the ohmic loss using the internal self-consistent formulal8)4, ;», only the ohmic loss using either of the external perturbational formulas (22)
[labeledCond1.,] or (35) [labeledCond2 4] @cond, ext, tOtal 10SSavt01 . oxt, Which includes the ohmic loss using either of the external perturbational formulas
(22) or (35) and both the dielectric layer loss parts, and the totald@ss:;., which includes the ohmic loss using the internal self-consistent formula (18) and
both the dielectric layer loss parts.

For the second approach, which utilizes a perturbatiorthle multilayered problem we are handling. However, we hope
method, we rely on the available formulas for coplanar wavéhiey will give some realistic indication of the magnitude of the
guide, which are both limited to being only strictly valid for theohmic loss expected and the frequency dependence. The first
fundamental mode (or modes) and are not quite descriptivefofmula, which arises from the application of Wheeler's incre-
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mental inductance rule (we retain the notion of the referenoess coplanar-waveguide structure was evaluated. Attenuation
and associate with our notion afterwards) [17], gives loss lass in decibels/millimeter (witk, b, and¢ in millimeters) is

decibels/millimeter ¥, S, and¢ in millimeters) as 8.68R,/Ere
P S Xcond, ext — , 12
Qcond, ext = 4.88 X 107 *Rye,.. Z, <1 + —) 480m K (ky K (R )(1 — k)

W w 1 8wa 1—k
. _ + ln -
125 4xS 1.25¢ a t 14k

In — +1
nt—l——i—

T TS
22 1 8rbl—k
o 5 L2t dns\T? (22) +5 w+ln<%1+kl> } (35)
2 2
W oW t '
where where
a=>5/2
R, =+/7 23
fuor i @3) b=(S +2W)/2 (36)
k [K(k) § 2 3
0<k<0.707 m k? k2 k?
— LIY(1N3/2 / ? - = _ _ - 5 _
P (1= KK K'(k) (24) 2{1+28+9<8> +00<8>
L omr<k<10 K\ "
(1—kWE' R 1306.25 <§> +}
1(1.
Zocp = 30m K (k) (25) K(k) = 0< k<0707 (37)
Et, K(ke) 2
VEre K2 9 7\ [k
[ | DT — I
e sy, - OTEe = YW (26) Py <p 6) < 4 )
' (K (k) /K" (F)] + 0.7t/ W 25 < 37) <k’2>3 N
Zlp-2) (2 e
b= —Se (27) 4\" 30/\ 4
Se +2We ( 0.707< k< 1.0
Se=5+A (28) 4
=ln|— 38
W.=W - A (29) ! n(k) %)
_1.25¢ I 47 S 30 andk; = k used in the first formula (31) above. Maximum error
T x 1+In e (30) iy (37) occurs at the crossover point= 0.707 and is 0.3%.
S Both (22) and (35), which add the perturbative attenuative
k= Stow (31) 10SS ey, ONto the dielectric loss calculated self-consistently
Qudiel, in, CaN be upgraded somewhat, including any dispersive
k' =+1— k2 (32) frequency effects in the effective dielectric constant of the struc-
K'(k)y = K(k) (33) ture, by assigning
/ 3 —
LEN P v , 0<k<0.707 Ere = </—> =3 (39)
Kk )| 1— VK ko
K'(k) )1 1+Vk which is acquired from the self-consistent run of the code. Thus,
—Inf2 -],  0707<k<10 the total attenuative loss is
m 1— \/E
(34) Qtotal = Xdiel, in + Xcond, ext (40)

These equations allow for the slight change of the coplanar

middle strip(S = w,) width or the gaps to the ground metawhere

(W = w,) due to the effects of fringing fields associated with

the finite metal thickness. The ratio of the complete elliptic Qdiel, in = Cin, bulk = Qsub, layer + O fe, thin film- (41)

function of the first kind to its complementary function is given

by (34) with a reported accuracy of better than one part mi0 We note that the quasi-static coplanar impedafigg in (25)

[17], but with the intermediate transition region changed frogannot be upgraded by an analytical formula (none are available

0.7 to 0.707, the accuracy is reported to be within three partsiithe literature) to include frequency variation, but this is not

10° in [18]. too much of a problem because, for our structures, the dispersion
The second formula, based upon the work done by Owyaitge;.. is slight, and this is expected to carry overAq.,,.

and Wu, Tunceet al, and Ghione, and provided in [18], used Fig. 8 plots for the MgO substrate device the theoretical at-

a direct approach to finding the conductor loss for a finite mefenuative results

allization thickness. Power dissipated in the line through con-

formal mapping of the current density in the finite metal thick- oy, = @ko(201og g €)
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Fig.9. Corrected insertion lo$s:1 |...r in decibels, against frequency (in gigahertz) for the B&r, . TiO; ferroelectric film over an LaAl@ substrateli,i,s =
0,10,20,30, and40 V.

for only substrate loss included,,;,, only the thin-film ferro- (22) and (35) showing significant discrepancy with frequency
electric bulk loss includedy., both of these bulk effects in- from the total device loss. Enhancement (39) was not used
cluded (lies over the ferroelectric contribution)y,+t, Only because the nominal dielectric constant for the ferroelectric
the ohmic loss included using the internal self-consistent fditm was so much larger than either the substrate or air region
mula (18)cvcond, in, ONly the ohmic loss included using the eitheabove the device surface, and it causggl .« t0 be a factor

the external perturbational formulas (22) or (35) with enhancef five or more below the experimental results. Instead

ment (39)xcond, ext, @and when all loss mechanisms are included

using either the external conductor loss appraagh . or the

internal loss approachie; in- we, c1, fo andv in (18) are de- Ere = Ezx-
termined to bew.g = 3.278 um, ¢; = 1.0, fy = 10 GHz and

v = 0.4684 for Fig. 8(a) whenby,ias = 0 V. wer, c1, fo, @nd  when the conductor loss is taken into account by simultane-
v in (18) are determined to be.y = 3.394 um, c; = 1.0,  ougly satisfyingBu[e(0); weg, c1, v] = Bexpr aNd ary[£(0);
fo =10 GHz, andv = 0.3916 for Fig. 8(b) when},;,s = 40 V. Werr, €1, V] = exp OF Pen[exa(En bins); Wers €1, V] = Pexp
We see from this figure that use of the external conductor 10§8¢ [, (E, 1ins); wer, 1, ] T (exp UNder bias, it
perturbational formula (22) leads to over estimation of the totgjjows revised unbiased scalar permittivity values and per-
loss inthe device, external loss formula (35) leads to both undgftivity tensors to be found. (Before in obtaining (18), only
estimation and overestimation over the frequency band, whergasi,, . ¢, v] = (texp Was examined, which is reasonable for
the internal loss approach correctly models the loss. low-loss devices. Permittivity extraction in Section IV was done
For the LaAIQy substrate device, Fig. 9 gives the correcteg ysing onlyg,,[(0)] = Bexp OF Ben[enn (B ins)] = Besp)-
insertion-loss measuremenfss: |cor: in decibels, over the For the MgO substrate device, f8f,.. = 0 V, it has the
0-20-GHz frequency range. Four bias voltage curves agme slowing value as befofe = 3.614, with @ = 0.2510
shown, Vi,ias = 0,10, 20, 30, and40 V. Loss in the substrate is (attenuation now included at 10 GHz) with a new scalar
accounted for by a loss tangent vauei6 = 3.0 x 10~* at  permitiivity value ofs(0) = 101.5 — 7101.5 tan 6. Under bias
room temperature. Fig. 10(a) and (b) provides,, for the two v, — 40V, 3 = 3.413 (unchanged from the lossless value
casesVis = 0V and40 V for the LaAlO; substrate. Here, since it must agree with experimeri) = 0.2298 (at 10 GHz),

we also show the theoretical resultg| = @inko(20logg¢)]  and yields a new MgO device permittivity tengoof
for the LaAlO; substrate device, finding.g = 2.004 um,

c1 = 1.0, fo = 10 GHz, andv = 0.3727 for Fig. 10(a) when

(42)

Viias = 0 V. wer = 3.021 pm, ¢; = 1.0, fo = 10 GHz, and %270 0

v = 0.3428 for Fig. 10(b) whenVi,i,s = 40 V. Notice that, in - E(Vi,jus = 40V) = 0 101.5 0

matching theory to experiment, the questionable excessive ex- 0 0 1015

cursions between about 5 and 11 GHz of the data was ignored. 75 o7 0 0

As in Fig. 8, for the MgO substrate, agreement between theory

and experiment is very good for the LaAJ@ubstrate device, —i| 0 1015 0 [ tan ép. (43)

with use of the external conductor loss perturbational formulas 0 0 101.5
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Fig.10. Laboratory measured.,, is plotted for the two cases: (&),;.. = 0 V and (b)40 V for the Bay s Sry.4 TiO3 ferroelectric film over an LaAl@ substrate.
Theoretical attenuative resultsf, = @1, kq(201log,, ¢)] are shown too for only substrate loss.,, thin-film ferroelectric bulk lossy., both of these bulk
effectsa,un 4o, ONly the ohmic loss using the internal self-consistent formuladl8)a. i», Only the ohmic loss using either of the external perturbational formulas
(22) or (35)at cond,ext, total 10Ssa.+, oxt, Which includes the ohmic loss using either of the external perturbational formulas (22) or (35) and both the dielectric
layer loss parts, and the total lass.:, in, Which includes the ohmic loss using the internal self-consistent formula (18) and both the dielectric layer loss parts.

These permittivity changes are seen to be significant (for theus, phase-shifting characteristics) because, in the ferroelectric
real part of the above expression) compared to the lossless cdseice, large fields exist around the slots, say, compared to a
and providing some noticeable fraction of phase slowing (aridwer loss microstrip configuration. For the LaA{Qubstrate
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device, forVi,i.. = 0V, it has/ = 5.110 (same as the lossless
value),&@ = 0.6808 (at 10 GHz) with a new scalar permittivity
value ofe(0) = 440.0—4440.0 tan é. Under biad/,i,s = 40V,

547

ACKNOWLEDGMENT

The authors would like to thank Dr. S. A. Wolf, Defense Ad-

B =4.576, @ = 0.4612 (at 10 GHz), and yields a new LaA}O vanced Research Project Agency (DARPA), Arlington, VA, for

device permittivity tensof of

1874 0 0
F(Viias =40V)= | 0 4400 0
0 0 4400 0
1874 0 0
—i| 0 4400 0 |tan . (44) 2
0 0  440.0
[3]

For both the MgO and LaAl@cases, thé7,s (the dyadic
modifying term) was amended by another teffys, to per-
form the extraction process (while avoiding redetermining,
c1, v) because of the significant loss of these devices. Thus, thg4)
total dyadic modifying impedance G317 = Gg3 + Gs34. FOr
MgO, Gsr = (0.0213, 0.0137) Q atVi,ias = 0V with Gz, =

(0.0001, —0.0074) Q. At Viyme = 40 V for MgO, Guar = o

(0.0217, 0.0187) Q with G.3, = (—0.0022, —0.0052) Q. The

LaAlO3 substrate structure has.sr = (0.2084, 0.1122) Q 6]

with G,a, = (—0.0035, —0.0997) Q at Vi = 0V, and

Gear = (g = 0.1663,m = 0.1543) Q with Gz, = (g —

0.1405, m — 0.1405) 2 at Vi,i,s = 40 V. 7]
[8]

VI. CONCLUSION

Atheoretical procedure for determining the permittivity prop- ]
erties of thin-film ferroelectric devices has been presented. This
procedure is to be used in conjunction with a full-wave field[10]
solver for extracting the isotropic and anisotropic behavior of
the thin ferroelectric film. A full-wave spectral-domain inte- [11]
gral-equation code with an anisotropic Green’s function has
been used to find the permittivity values for two ferroelectric
thin-film devices operated in the microwave frequency regimey]
Tensor solutions for these devices have been given.

In addition, the various loss contributions have been asq 4
sessed, including the ohmic (conductor loss) contribution that
is dominant. Substrate and ferroelectric bulk loss, characterized
by aloss tangent, are treated in a fully self-consistent way in thg4]
Green’s function construction. Ohmic loss, by the interfacial
guiding coplanar metal, was handled in one of the following
basic ways: 1) dyadic Green’s function element modification[15]
within the self-consistent process or 2) attenuation constant
modification by adding in the ohmic loss perturbationally part!16]
after the self-consistent process was completed.

Both ferroelectric devices, although containing loss, only had
minor changes to their phase propagation properties when 085
was added. Thus, the device operation is controlled by the fehS]
roelectric permittivity tensor behavior, and not the loss.

encouraging this paper’s research.
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