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Millimeter-Wave Dielectric Properties of Highly
Refractive Single Crystals Characterized by
Waveguide Cavity Resonance

Ross T. Schermer

Abstract— This paper reports precision measurements of the
electromagnetic permittivity of five highly refractive, single-
crystal materials, SrTiO3, KTaO3, rutile TiO;, LiTaO3, and
LiNbOg3, using a single, well-controlled, frequency-scalable pro-
cedure over the frequency ranges 25-110 and 140-220 GHz.
Real permittivity values were highly consistent for different
samples measured across multiple frequency bands. For SrTiOs,
KTaO3, and TiO,, real permittivities were more consistent with
lower frequency values than typically reported in the millimeter-
wave region of the spectrum. Real permittivities of LiTaO3 and
LiNbO3 agreed with most reported data. The intrinsic dielectric
loss of SrTiO3, KTaO3, and the extraordinary axis of rutile TiO,
was also characterized over the ranges 25-110 and 140-220 GHz,
and intrinsic loss per unit frequency was found to be consistent
with values measured at other frequencies by dielectric resonators
and quasi-optical techniques.

Index Terms—Dielectric constant, dielectric losses, dielectric
measurement, ferroelectric materials, high-k dielectric materials,
millimeter-wave measurements, millimeter-wave technology.

I. INTRODUCTION

IGHLY refractive materials with large permittivity have
long been of interest for electronics operating in the
millimeter-wave frequency range (30-300 GHz), and are inte-
gral to applications such as electro-optic modulators [1], [2],
electronically tunable microwave devices [3]-[5], high-Q res-
onant cavities [6], [7], and high temperature superconduc-
tors [4], [8]. Among other things, the large permittivity
facilitates component miniaturization [9], elevated capaci-
tance [10], and wide tunability [11]-[13]. However, reported
permittivities in the millimeter-wave region of the spectrum
vary significantly [12]-[30], due to both the range and limita-
tions of test methods employed, and the tendency for individ-
ual measurements to span only a limited frequency range.
This paper presents an experimental and theoretical inves-
tigation of five highly refractive, single-crystal materials,
SrTiO3, KTaOs3, rutile TiO,, LiTaO3, and LiNbO3, using a
single, well-controlled, frequency-scalable measurement pro-
cedure over the frequency ranges 25-110 and 140-220 GHz.
This provides real permittivity values for each material and
loss tangents for the higher loss materials that are both
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consistent with a subset of reported values (particularly those
measured at lower frequency), and highly consistent for sam-
ples measured across multiple frequency bands. For SrTiOs,
KTaO3, and rutile TiOy, in particular, the measured dielectric
properties are more precise than previously reported over the
millimeter-wave frequency range.

Measurements were based on a resonant cavity formed by
a planar dielectric substrate placed between the flanges of
two air-filled rectangular waveguides, as shown schematically
in Fig. 1. This technique has been used previously to
characterize various dielectrics [19], [27], [31]-[33], although
a rigorous analysis of cavity response was not presented.
In this paper, waveguide—flange cavities were used to
measure the same dielectric sample over multiple millimeter-
wave frequency bands. This was accomplished by simply
interchanging the waveguides that form the cavity, which
allowed consistent data to be collected for each dielectric
sample over nearly a decade in frequency between 25 and
220 GHz. Measured cavity response was then compared to
theory in order to extract the dielectric properties of the test
samples. This analysis was necessary to account for both
diffractive losses within the cavity and off-axis propagation,
which cause measured cavity response to deviate from that
of an ideal Fabry—Perot resonator.

Section II begins by describing the theoretical model for
waveguide—flange cavity response. Experimental procedure
and measurements of cavity response are presented in Sec-
tion III for cavities based on single-crystal SrTiO3, KTaOs,
rutile TiO», LiTaO3, and LiNbO3. Section IV then presents an
analysis of dielectric properties based on comparison of cavity
response with theory. Section V concludes by comparing the
measured dielectric properties to literature values.

II. WAVEGUIDE-FLANGE CAVITY MODEL

The model for waveguide—flange cavity response used in
this paper was that of a generalized Fabry—Perot resonator.
In this model, the cavity transmission coefficient S>; and
cavity reflection coefficient Sy; are described by [34]

o = AVBexp(—jpeiL) "
21 1= Bexp(—j2BerrL)
/ ABexp (_j2ﬁeffL)

S = - 2)
1 — Bexp (—j2petL)
where
t't
A= ) (3)
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Fig. 1. (a) Schematic of rectangular waveguide, dielectric sample, and test
fixture used for measurements over multiple waveguide frequency bands.
(b) Cross section of a waveguide—flange cavity formed by two rectangular
waveguides pressed against a planar dielectric. Red arrows: incident, reflected,
and transmitted waveguide modes and resonant cavity mode. Flange field
distributions are defined at z = £=L/2. The electric field of the TE{(y waveguide
mode is parallel to the y-axis. The dielectric sample was held within a test
fixture, with both faces extending beyond the surface of the fixture to ensure
contact with each waveguide flange.

B = rlexp(—20cf L) 4)

and fefr is the phase propagation constant and o the field
attenuation coefficient of the resonant cavity mode. Parameters
r’ and t' are the reflection and transmission coefficients
relating the incident TEj9 waveguide mode to the reflected
TE;¢ waveguide mode and the transmitted field distribution at
the flange, respectively. Parameters r and ¢ are the reflection
and transmission coefficients relating the incident flange field
distribution in the dielectric to the reflected flange field dis-
tribution and transmitted TE;¢ waveguide mode, respectively.
In the preceding, the flange field distribution (discussed in
Section IV) corresponds to the resonant cavity mode.

The effective refractive index neg and the effective loss
tangent tandesr of the resonant cavity mode are related to fer,
oeff, and frequency f through expressions

Cﬂeff
pr— 5
Meff = o 7 (5)
20eff COLeff
tandgy = it _ C%efl (6)
¢ et Wfnes

It should be stressed that effective refractive index and effec-
tive loss tangent are properties of the cavity mode, rather than
the dielectric within the cavity. Cavity response is related to the
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TABLE I
SINGLE-CRYSTAL DIELECTRIC SUBSTRATES

Crystal Orientation Width (mm) Thickness (um)
SrTiOs <100> 10x10 497,995
KTaOs <100> 5x5 519

Rutile TiO,  <100> 10x10 494, 1001
LiTaOs X-Cut 10x10 495, 1005
LiNbO; X-Cut 10x10 994

resonant frequency f,, and quality factor Q,, of the resonance

through [35]
2nel 6\
fo=m (”i - —’) ™
c zf

mng mm

In|B|  2(aefL — In|r])
where m is an integer describing the mth cavity resonance,
and 6, is the phase of reflection coefficient r.

Om = ®)

III. CAVITY CHARACTERIZATION
A. Dielectric Samples and Test Fixtures

The materials characterized in this paper were single-crystal
substrates polished on both surfaces to an rms roughness toler-
ance of <1 nm, which were obtained from MTI Corporation.
The composition, surface orientation, thickness, and lateral
dimensions of the tested substrates are summarized in Table 1.
Sample thickness was measured at each of the four edges using
a microscope, and the mean values are listed. Uncertainty in
this measurement was estimated to be £2 um. The surface
parallelism derived from thickness measurements was better
than 1 mrad.

The dielectric samples were mounted in test fixtures
as shown schematically in Fig. 1. Each test fixture had
holes to accommodate the alignment pins of the rectangular
waveguides forming the cavity. For 10 mm x 10 mm samples,
one corner of the substrate was polished away (by approxi-
mately 2 mm) to allow all four alignment pins to pass, while
maintaining the orientation shown in Fig. 1. This allowed the
anisotropic crystals TiO,, LiTaO3, and LiNbO3 to be mounted
such that their extraordinary axis (the c-axis of the crystal) was
aligned parallel to either the y-axis or x-axis in Fig. 1, and thus
parallel or perpendicular to the y-polarized electric field of the
TE;o waveguide mode. Fixture thickness was chosen to be
approximately 80% that of the substrate, which allowed each
sample to be mounted with both surfaces extending beyond
those of the test fixture.

In order to form a cavity, a test fixture and sample were
mounted as shown in Fig. 1, and light compressive force
(approximately 4 N) was applied along the z-axis to ensure
contact between the waveguide flanges and the substrate. The
data presented correspond to dielectric samples mounted in
brass test fixtures. However, tests repeated for SrTiO3 and
TiO, using acrylic test fixtures did not produce a significant
change in cavity response.

B. Millimeter-Wave Test Procedure

Cavities formed by each dielectric substrate in Table I were
measured over four millimeter-wave frequency bands using
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a vector network analyzer (VNA) with frequency extension
modules. Waveguide dimensions and frequency ranges can be
found in [36] (for waveguide widths W, and W, satisfying the
ratio Wy = 2W,). For each band, a different pair of rectangular
waveguides was used to form the waveguide—flange cavities.
Measurements were performed at room temperature (20 °C).

Prior to measurements over each frequency band, the VNA
response was calibrated. Calibration of W- and G-bands used
the TRL method [37] and waveguide calibration standards.
For the Ka- and V-bands, a through calibration [37] was used.
A dielectric substrate and test fixture were then mounted,
compression was applied along the z-axis to form a cavity,
and the S-parameters [38] of the cavity were measured. For
each measurement, the S-parameters were symmetric (]S, | =
|Syul), indicating good contact between both of the waveguide
flanges and the substrate. This allowed S>; and Si; to be
regarded as the transmission and reflection coefficients of the
waveguide—flange cavity, respectively.

C. Cavity Response

Fig. 2 shows S>; data measured over four frequency
bands, for waveguide—flange cavities formed by the same
995- um-thick SrTiO3 substrate. The cavities resonated at mul-
tiple, uniformly spaced frequencies, and the resonances tended
to broaden with increasing frequency. The peak transmission
(at resonance) also varied from one frequency band to the
next. This trend is in accordance with theoretical calculations
of diffractive power loss within the cavity, which are discussed
in Section IV.

Fig. 2 also shows results of least-squares fits of measured
complex Sz; data to (1). Individual fits were performed
about each resonance peak, over the regions indicated in
red, using the fit parameters A, B, and f;,, described in
Section II. For each fit, r was assumed real positive (an
assumption supported by calculations presented in Section IV).
As shown, agreement between measured data and the model
was quite good. The frequency range of each fit was chosen
to minimize the influence of noise far from the resonance
frequency.

Although fits to complex S1; data were also performed, the
additional free parameter ' in the model for S1; compared Sy;
caused the fit parameters to be less consistent from resonance
to resonance. For this reason, only data based on cavity
transmission Sp; are presented in this paper.

Transmission coefficients of cavities formed by each dielec-
tric substrate in Table I were also measured, and the parameters
A, B, and f,, fit for each resonance. However, plots have
been omitted for brevity. Agreement between the measured
data and the model of (1) was quite good for all the materials
and frequencies tested.

D. Effective Refractive Index

In order to determine the effective refractive index of each
cavity mode, the resonance number m was first determined
by plotting the resonance frequencies for a given substrate
as shown in Fig. 3(a). With proper choice of m for each
resonance, linear fits of resonance number versus resonance
frequency projected to the origin, as shown. The effective
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Fig. 2. Transmitted (a) power and (b) phase for a waveguide—flange

cavity formed by a 995-um-thick SrTiO3 substrate. Measured data (blue),
and fits to the measured data about each cavity resonance (red). Data for
different frequency bands correspond to cavities formed by the same substrate,
but different rectangular waveguides with standard dimensions (see, for
instance, [36]).

refractive index of each cavity resonance was then calculated
from (7), using the resonance number m and fitted value of
the resonance frequency.

Fig. 3(b) shows the effective refractive index versus reso-
nance frequency for waveguide—flange cavities formed by the
thickest substrate of each material in Table I. For LiTaOs3, data
were similar for both substrate orientations (extraordinary axis
|| or L to the waveguide polarization axis), so data points
overlap. In order to clarify these results, Fig. 4 shows the
effective relative permittivity, which for nonmagnetic materials
can be expressed as

EeffR = Nl )

for the thickest substrate of SrTiO3 and rutile TiO> (]|). These
plots illustrate the consistency of the measurement technique.
Plots for other materials showed similar consistency. For each
material, measured values of ecfrg deviated from the dashed
trend line, a least-squares fit to the equation

1 d®ecfiro
EcffR = EeffRO + (— < ) f?

2 dfr (10
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Fig. 3. (a) Resonance number m associated with each measured cavity
resonance, chosen such that trend lines extend to the origin. (b) Effective
refractive index versus resonance frequency, calculated from fit resonance
frequency and (7).

by less than 2%. Such consistency is the result of the same
dielectric sample, and the same well-calibrated measurement
procedure, being utilized across each frequency band.

Table II lists the values of ¢effgro and 1/2dzeeffRo/df2 obtained
from least-squares fits to data, for each of the substrates
in Table I. Values of eefgrp corresponding to different
substrate thicknesses agree to within 0.4%, with the exception
of LiTaO3 (]|), for which agreement is within 1.4%. In each
case, this variation is consistent with the £2 xm uncertainty
in the measured thickness, which translates to relative errors
in geffr Of £0.8% for substrates 0.5 mm thick, and £0.4% for
substrates 1.0 mm thick, through (7) and (9). Due to greater
(relative) accuracy of the thickness measurement, and greater
number of data points involved in fits to (10), the fitted values
ceffRo and 1/2d2eeffRo/df2 for thicker substrates are more
reliable. The number of data points involved in each fit is sig-
nificant because thinner samples exhibited fewer resonances.

E. Reflection and Propagation Loss

Fig. 5 shows the single-pass power transmission
Ir|?exp(—2aer L) of the resonating cavity mode. Plots
for TiO; (L) and LiNbO3 have been omitted for brevity. Data
are plotted in the form of single-pass power transmission,
given in decibels by

Tqg = 20log g Ir| — 2aefr L - 10logge. (1)
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Fig. 4. Effective relative permittivity of the waveguide—flange cavity and
relative permittivity of the dielectric substrate versus resonance frequency.
For waveguide—flange cavities formed by (a) SrTiO3 and (b) rutile TiOy (||).
Trend lines representing the least-squares fits to (10) and (23) are shown as
dashed lines.

For SrTiO3, KTaOs, and rutile TiO» (||), the dashed trend lines
in Fig. 5 represent the least-squares fits to the equation
1 d? TaBo 2
Tas = T¢ — .
aB = Tapo + (2 e f
For each of the other materials in Table I, data were instead
fit to the equation

dTaBo
TdB—TdBo+( a7 )f-
Although it is apparent that the single-pass power transmission
of SrTiO3, KTaO3, and rutile TiO; (]|) cavities were nonlinear
with respect to frequency, for other materials the spread of
the measured data was too large to distinguish the quadratic
contribution to (12), so a linear fit was used instead.

For materials with more than one substrate thicknesses
(S1Ti0O3, TiOy, and LiTa03), Typo was constrained to have the
same value for both substrates (for reasons discussed below).
This was accomplished by fitting data for each substrate to
(12) or (13), and setting Tgpo to the mean value.

In order to distinguish contributions to Tgg due to reflec-
tion at the substrate—waveguide interface and propagation
loss between interfaces (the first and second terms on
the right-hand side of (11), respectively), two simplifying

(12)

13)
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TABLE 11
PARAMETERIZED PERMITTIVITY OF CAVITY AND DIELECTRIC

Crystal Polarization Thickness ) £ro Vad?eommo/df? Vad?epe/df? tand, dtandy/df
(um) (THz?) (THz?) (x10) (THz! x10?)
SrTiOs N/A 995 319.2 3213 98 74 - 6.8
KTaO; N/A 519 239.8 2421 69 49 - 52
Rutile TiO, || c-axis 1001 166.1 169.8 50 13 - 23
Rutile TiO, 1 c-axis 1001 86.5 88.2 30 12 <21 -
LiTaO; 1 c-axis 1005 40.1 41.9 32 8 <6.9 .
LiTaO; || c-axis 1005 399 41.6 23 -0.9 <23 -
LiNbO; 1 c-axis 994 445 46.3 36 9 <6.3 -
LiNbO; || c-axis 994 26.3 27.3 10 2.3 - -
SrTiOs N/A 497 319.6 3223 92 57 - 6.5
Rutile TiO, || c-axis 484 165.8 169.3 55 16 - 1.9
Rutile TiO, 1 c-axis 484 86.2 88.1 46 25 <64 -
LiTaO; 1 c-axis 495 40.7 418 14 17 = =
LiTaO; || c-axis 495 40.1 422 17 -16 <13 -
approximations were made. The first approximation was that 0
propagation loss does not contribute significantly to Tgpo ! '.:*'

when measurement data span multiple frequency bands. This
approximation is justified, because as frequency goes to zero,
the substrate becomes infinitesimally thin compared to both
the wavelength and the waveguide dimensions (which scale
with wavelength from band to band), and thus diffractive loss
should be negligible in the zero-frequency limit. The other
source of propagation loss, dielectric absorption, is generally
regarded to be negligible in the zero-frequency limit [38],
and thus would also have negligible contribution to 7ggo.
This first approximation implies that Tygo must be treated as
independent the cavity length L. Thus, fit values of Tqgo were
constrained to have the same value for substrates of different
thicknesses, but identical composition and orientation.

The second simplifying approximation was that reflection
loss at the substrate—waveguide interface does not contribute
significantly to dTugo/df or d’>Typo/df* when measurement
data span multiple frequency bands. The justification is as
follows. It is known that the reflectivity |r|* at the waveguide—
substrate interface depends on both the permittivity and the
ratio f/f., where f. is the cutoff frequency of the rectangular
waveguide [36]. However, when averaged over the frequency
range of each rectangular waveguide band, the average value
of f/f. will be identical for each band. Thus, values of f/f,
at various resonance frequencies will be distributed about the
same average value across each frequency band. This implies
a distribution of f/f. across multiple bands that tends to be
flat with respect to frequency. The other factor influencing the
reflectivity, the permittivity, was approximately independent
of frequency for each of the materials tested. Thus, variations
in |r|? due to frequency dependence of the permittivity could
also be neglected.

Given the two preceding approximations, theoretical and
empirical expressions for single-pass power transmission, (11)
and (12) and (13), respectively, combine to yield

20logolr| = TaBo (14)

~ [ daetro 1 d%aem ,,
:( af )f+(5 af> )f (1

O.eff
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Fig. 5. Cavity single-pass power transmission |r|26Xp(—2(leffL) versus
resonance frequency, for cavities formed by various substrates. Determined
by fitting measuredS,jdata about each cavity resonance to (1). Trend lines
representing the least-squares fits to (a) (12) and (b) (13) are shown as dashed
lines.

where
d -1 dT,
Oleff0 dBO (16)
df 2Llog pe/) df
d? -1 d*T,
alefo _ ( ) dzBO‘ (17)
df 2Llogge) df
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TABLE III
PARAMETERIZED LOSS OF CAVITY AND DIELECTRIC
Crystal Polarization ~ Thickness [t Pincasured P scaty doter/df dow/df Vad?olem/df? Vad?o/df?
(wm) (mm-THz)! (mm-THz)™! (mm-THZz? )! (mm-THz? !

SrTiOs N/A 995 0.823 0.845 - - 143 12.8

KTaO; N/A 519 0.818 0.823 - - 10.8 8.5

Rutile TiO, | c-axis 1001 0.746 0.791 y . 5.1 33

Rutile TiO, 1 c-axis 1001 0.802 0.722 0.99 0.20 - -

LiTaO, L c-axis 1005 0.672 0.619 1.08 0.46 - -

LiTaO; || c-axis 1005 0.732 0.618 2.13 1.52 - -

LiNbO; 1 c-axis 994 0.703 0.634 1.15 0.44 - -

LiNbO; || c-axis 994 0.569 0.551 0.83 0.01 - -

SrTiOs N/A 497 0.823 0.845 - - 144 12.2

Rutile TiO, || c-axis 484 0.746 0.791 - - 54 2.5

Rutile TiO, L c-axis 484 0.802 0.722 1.27 0.63 - -

LiTaOs 1 c-axis 495 0.672 0.619 1.04 -0.26 - -

LiTaO; || c-axis 495 0.732 0.618 2.60 0.84 - -
Table III lists the values of |r|2, daefio/df and 1/2d20!eff0/df2 rectangular waveguide [36] through the relation
obtained from least-squares fits to data for each of the sub-

. 1 g - EX =31, =B =x.y)  (18)
strates in Table 1. Values of V2d’acso/df* corresponding to iu iv i0
v

different substrate thicknesses are consistent for SrTiOs and
TiO2 (]]). However, for TiO, (L) and LiTaOs, values of
doegro/df vary by as much as 28%. This indicates that loss
described by dacfro/df in Table III is not entirely attributable
to the propagation loss within the cavity.

IV. DIELECTRIC CHARACTERIZATION

Having characterized the cavity response, the next step
was to compare measurement with theory in order to extract
the properties of the dielectric. This analysis was necessary
because diffraction within the cavity causes resonant modes
to experience propagation loss due to diffraction in addition
to dielectric absorption. Diffraction implies that the electro-
magnetic fields of the cavity mode will have angular spectrum
components [40] that propagate off-axis (i.e., not parallel to the
z-axis). This also causes the effective refractive index of the
cavity mode to differ from the refractive index of the dielectric.

The process of comparing measurement with theory was
complicated by the fact that the majority of the tested
samples were anisotropic, so models describing radiation
from a rectangular waveguide aperture into an isotropic
medium [42]-[44] could not be utilized. Thus, theoretical
calculations of waveguide—flange cavity response presented
in this section are based on calculations performed for that
purpose, which are detailed in [44]. By comparing theoretical
calculations to measurements of cavity reflectivity, effective
refractive index, and propagation loss, the dielectric properties
of the substrates forming each cavity could be determined.

For all calculations, the rectangular waveguide was assumed
to have widths satisfying the ratio W, = 2W,, which was con-
sistent with experimental conditions. For simplicity, the metal
boundaries of each waveguide and flange were approximated
as perfect conductors, and the dielectric and flange were
approximated to be infinite in (x, y). The transverse electric
field distributions Ey, and Ey, at the flange (within the
dielectric at z = £L/2) could then be related to those of the

where 1, are transmission coefficients, and the superscripts
W and F denote waveguide and flange fields, respectively.
Calculation of the transverse magnetic field distributions at
the flange (Hy and H, within the dielectric at z = =L/2) was
rather complicated, so is presented in [44]. For all calculations,
dielectric absorption was assumed negligible, so calculated
propagation loss represented loss due to diffraction, rather than
absorption, within the waveguide—flange cavity.

A. Refractive Index and Relative Permittivity

The complex propagation constant of each resonant cavity
mode was modeled by the expression

-1 P*
— —ln uo
Yuo I (P;)

1 o0
Pl = 5// (ExyHyu — E5, Hyy)dxdy
—0oQ

(19)
where

(20)

1 oo
Pi =3 / /_ (EL Hyu = By, Hudxdy. 1)

Here, E,, and H, are the complex electric and magnetic field
distributions of z-propagating flange field u at z = —L/2, E,
and H, are the electric and magnetic field distributions of
z-propagating flange field v at z = L/2, P is the complex
power flow at z = —L/2, and P}, is the power coupling (i.e.,
reaction) from flange field u at z = —L/2 to flange field v at
z = L/2. Calculations of H,, and Hy, are discussed in [44].
The theoretical effective refractive index of the cavity mode
is related to the complex propagation constant through

C
Neff up = (W) Im(yuy).
m

In order to determine the relative permittivity er of the
substrate, the permittivity was iterated until the theoretical
effective refractive index matched its measured value.

(22)
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Fig. 4 shows the values of ¢ calculated at each resonance
frequency for cavity modes corresponding to the TEjo flange
field. Trend lines plotted in Fig. 4 represent the least-squares
fits to the expression

3R=3RO+(§ e )fo

Resulting values of o and 1hd%e Ro/df2 are listed in Table II.
For each substrate, the difference between the relative per-
mittivity and effective relative permittivity falls within the
range 1.0 < (egr — €err) < 3.7. For different lengths of
the same material, values of egro are extremely consistent,
varying by an average of 0.5%. This variation is consis-
tent with uncertainty in measured thickness, which translates
to relative errors in ¢g of +0.8% for substrates 0.5 mm
thick and +0.4% for substrates 1.0 mm thick. The values
of 1hd?%e Ro/a’f2 are less consistent, due to the smaller number
of data points involved in fits to (10) for thin samples, and
relatively low dispersion of the materials. However, for SrTiO3
and TiO,(||), values of 12d?eo/df* agree to within 25%. Due
to the greater (relative) accuracy of the measured thickness,
and greater number of data points involved in fits to (23),
fitted values &g and 12d%e Ro/a’f2 are more reliable for thicker
substrates.

Equation (23) is consistent with the classical pseudohar-
monic model for dielectric response [18], [39] at frequencies
far from the dielectric resonance frequency. Relationships
between 1/2d28R()/df2 and terms of the classical pseudohar-
monic model are provided in the Appendix.

(23)

B. Cavity Reflectivity

Reflection coefficients at either end of the waveguide—flange
cavity were modeled using the relation [42]

Y’iW) . Yu(F)

/

- (24)
R PALES G

'y = —T,

where Yu(w) and YM(F) are the admittances of various
z-propagating waveguide or flange field distributions. The
admittances were calculated via [39]

2PF
Y, = V2 (25)
where P is the complex power flow in (20) and
2 * 2 2
vi= [](EwP+ 1EuPaxdy 6)
—0oQ

is the squared voltage. Theoretical values of eg from Sec-
tion IV were assumed when calculating reflection coefficients.

Theoretical values of the reflectivity between TEjo flange
field and TEj9p waveguide mode are listed in Table III.
Reported values represent the average over the operational
frequency range 1.24 < f/f., < 1.9 of each rectangular
waveguide band [36], where f, is the cutoff frequency of the
waveguide TEjo mode [36], given by

fe

¢
A
and W, is the waveguide width.

27)
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Calculated reflectivities of other flange field distributions
(TE,, or TM,,,) were each equal to 1.00 since the correspond-
ing waveguide modes were below the cutoff. It is apparent
from Table III that measured reflectivity most closely matched
that of the TEjo flange field distribution. Although there is
some discrepancy (the measured reflectivity was on average
0.21 dB higher than predicted, possibly due to measurement
error or small contributions from other resonant flange field
distributions), these calculations indicate that the resonant
cavity mode corresponded to the TE( flange field distribution
at the cavity boundaries (z = £L/2). For the TE ¢ flange field
distribution, and the range of permittivities tested, the phase of
calculated reflection coefficients was between 0.1° and 0.7°.
The impact of this on the effective refractive index of the
cavity mode would have been negligible, so the phase of the
reflection coefficient was approximated as 0°.

C. Diffraction Loss and Absorption

Diffraction loss within the cavity is related to the complex
propagation constant through

Odiff,up = Re(yun)- (28)

Since theoretical calculations assumed the dielectric substrate
to be lossless, theoretical values of the field attenuation coef-
ficient agiff represented attenuation due to diffraction within
the cavity. By comparing theoretical values of the diffractive
loss to measured values of cavity loss, the field attenuation
coefficient a of the dielectric could be estimated via

o = Oeff — Odiff . (29)

Resulting values of single-pass dielectric power loss exp(2a L)
are plotted versus resonance frequency for SrTiO3z, KTaOs3,
and rutile TiO2 (||) in Fig. 6. Plots for other materials have
been omitted for brevity.

For SrTiO3, KTaO3, and rutile TiO> (]]), dielectric power
loss was fit to the expression

_ (1d%ag 5
a:(i dfz)f. (30)
For other materials in Table I, it was instead fit to
o= (l@) f. 31
2.df ’

since loss did not exhibit quadratic frequency dependence.
Resulting values of dag/df and '~d’agldf* are listed in
Table III.

Dielectric attenuation coefficients for different thicknesses
of SrTiO3 and TiO7 (||) in Table III are similar. However, for
TiO, (L) and LiTaOs3, the dielectric attenuation coefficients
vary with sample thickness, which indicates that dielectric
loss was not fully isolated from other sources of error in the
measurement. It follows that values of da/df for TiO, (L) and
LiTaOs3 in Table III are to be treated as the upper bounds on
dielectric attenuation. The same can be supposed for LiNbO3,
which had similar levels of attenuation.

By combining (6) with (30) and (31), the dielectric loss
tangent can be rewritten as

dtano
tand = tandg + ( 2; O) f

(32)
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TABLE IV

DIELECTRIC PROPERTIES AT ROOM TEMPERATURE
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Crystal Polarization ~ Frequency er tand tand/f . Method  Reference
(GHz) (x10%) (THZ' x107)
SrTiO; N/A 7.2 310 0.4 6 PP [14]
3,62,95/10 300/ 325 04,0.6,0.8/0.8 13,10,9/8 DR [13/15]
10 320 - - WG [16]
75, 220 310, 290 5,18 7,8 QO [17]
40-500 360-367 20-30 50-6 TDS [18]
25-220 321-325 - 7 WFC This Work
KTaOs N/A 3,6,9/10 236/ - 0.14,0.3,04 /0.7 5,5,5/7 DR [13/12]
10 241 - - WG [16]
94 229 6 6 WEC [19]
25-220 242-244 - 5 WFC This Work
Rutile TiO, || c-axis 4/25/200 165/163 /164 0.1/0.6/- 25/2/- DR [20/21/22]
22/35,95 170 /152, 131 -/0.8,6.6 -12,7 WG [23/24]
25-220 170 - 2.5 WEC This Work
Rutile TiO, 1 c-axis 4/5,8,200/25 87/85,85,86/86 0.08/0.1,0.2,-/04 2/2,3,-/1.7 DR [20/21/22]
22/34,94 88 /80, 82 -/04,1.8 -/12,9 WG [23/24]
25-220 88-89 <2 < 8-1 WEFC This Work
LiTaO; 1 c-axis 1 40 13 130 SL [25]
94/75,220/113 45/41,40/ 44 3/3,8/9 3/4,4/8 QO [26/17/27]
100-2000 41 - 5.6 TDS [28]
25-220 42 <7 <30-3 WEC This Work
LiTaO; [| c-axis 1 41 0.7 70 SL [25]
94/220/55,113 42740/ 30,49 7/14/8,9 7/6/15,8 QO [26/17/27]
100-2000 40 - 3.0 TDS [28]
25-220 42 <23 <90-10 WEFC This Work
LiNbO; L c-axis 1 44 1.5 150 SL [25]
12 4 0.08 0.7 PP [14]
94/75,220/ 113 45/42,44 /46 2/8,8/5 2/11,4/4 QO [26/17/27]
90-147 / 15-140 43-42 /44 6.2-6.8/ - 7-5/- QO [29/30]
100-2000 45 - 1.7 TDS [28]
25-220 46-47 <6 <25-3 WEC This Work
LiNbOs || c-axis 1 24 1.1 110 SL [25]
10 33 0.08 0.8 PP [14]
94/75,220/55, 113  27/28,26/23,27 2/2,8/3,7 2/3,4/5,6 QO [26/17/27]
90-147 / 15-140 29-28 /26 7.2-78/- 8-5/- QO [29/30]
100-2000 26 - 1.0 TDS [28]
25-220 24 - - WFC This Work
METHODS: SL: SLOTTED LINE DR: DIELECTRIC RESONATOR WFC: WAVEGUIDE-FLANGE CAVITY ~ TDS: TIME DOMAIN SPECTROSCOPY
PP: PARALLEL PLATE ~ WG: WAVEGUIDE QO: QUASI-OPTICAL
where thicknesses agree to within 5% for SrTiO3 and 30% for TiO»
c dao (11)- This level of variation is attributable to measurement error,
tandy = — (33) as is evident from the spread of data in Fig. 6.
. Jer) df
2 V. COMPARISON TO THE LITERATURE
dtandy c d o (34) . .
a5 \2z Jex) af?t For the purpose of comparison, Table IV lists reported

The second term in (32) (dtandop/df) f has the same form
as the classical pseudoharmonic model of dielectric response
[39], [18], at frequencies far from the dielectric resonance
frequency. It represents the intrinsic loss of the dielectric,
whereas the first term tandy represents the extrinsic loss [5].
The relationship between dtandp/df and classical pseudohar-
monic model is discussed in the Appendix.

Values of tandy and dtando/df are listed in Table II, with
values of tandy to be regarded as upper bounds on the dielectric
loss. Values of dtandy/df corresponding to different substrate

values of ¢g and tand above 1 GHz for each of the materials
in Table I. Due to varying levels of uncertainty, ¢g has been
rounded to a common decimal place, and tand to a single digit
of precision. Table IV also lists the test methods and mea-
surement frequencies. It is clear from Table IV that reported
values of e¢p vary substantially across the microwave and
millimeter-wave frequency range. For LiNbO3 and LiTaOs,
the majority of reported values are similar, with the exception
of significant outliers that vary by as much as 50%. Reported
values for rutile TiO, are also similar below 30 GHz, but vary
by more than 10% in the millimeter-wave region. Values for
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Fig. 6.  Single-pass dielectric power loss versus resonance frequency for
SrTiO3, KTaO3, and rutile TiOy (||). Measured data (solid markers) and trend
lines (dashed lines) representing the least-squares fits to (31).

KTaOs and SrTiOsz and in Table IV vary by 5% and 25%,
respectively.

For both orientations of LiINbO3 and LiTaOs3, values of ¢g in
this paper are consistent with the majority of reported ¢p val-
ues shown in Table IV. Measurements of ¢g in Table II are also
consistent for samples of different thicknesses. Both results
support the validity of relative permittivity measurements in
this paper. It follows that they also support the validity of g
values for other materials in Table II.

Relative permittivities of rutile TiO, in Table II are con-
sistent with reported values listed in Table IV other than
those from [24]. However, permittivities for rutile TiOy in
this paper have higher precision across the 25-220-GHz fre-
quency range. Relative permittivities of KTaO3 and SrTiO3
in Table II are also reasonably consistent with reported
values in Table IV, other than those from [18]. However,
permittivities for KTaO3 and SrTiOs reported in work have
much higher precision across the 25-220-GHz frequency
range.

Loss tangents in Table IV vary widely for each material,
so Table IV also lists the values of the ratio tand/f. For time-
domain measurements, only this ratio (rather than tand) is
provided due to wide frequency ranges involved. According to
(32), tand/ f should approach the value dtandy/df at sufficiently
large frequency. Other than a few relatively large outliers (the
lowest frequency values for SrTiOs3, the 95-GHz value for
TiO,, and data from [18]), reported values of tand/ f fall within
the range 6-9 x 1072 THz~! for SrTiO3, 5-7 x 1072 THz ™!
for KTaO3, and 2-3 x 1072 THz~! for TiO» (||). These are
consistent with values of dtandp/df measured in this paper,
6.8 x 1072, 5.2 x 1072, and 2.5 x 1072 THz~! for SrTiOs,
KTaOs, and TiO; (]]), respectively. Thus, dielectric attenuation
values measured for SrTiO3, KTaOs, and rutile TiOy (||) in
this paper can also be regarded as valid data spanning the
25-110 and 140-220 GHz frequency ranges.

VI. CONCLUSION

Using a well-controlled, frequency-scalable measurement
procedure based on a waveguide—flange cavity, precise

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 67, NO. 3, MARCH 2019

measurements of the electromagnetic permittivity of five
highly refractive, single-crystal materials, SrTiO3, KTaOs,
rutile TiOp, LiTaO3, and LiNbOj, are presented for fre-
quencies spanning the ranges 25-110 and 140-220 GHz.
Real permittivity values are highly consistent for different
samples measured across multiple frequency bands. Real per-
mittivities of LiTaO3 and LiNbOs3 agree with most reported
values, supporting the validity of the measurement technique.
Notably, the real permittivities measured for SrTiO3, KTaO3,
and TiO; are more consistent with lower frequency values
than typically reported in the millimeter-wave region of the
spectrum. The intrinsic dielectric loss per unit frequency,
measured only for SrTiO3, KTaO3 and the extraordinary
axis of rutile TiO;, is consistent with values measured at
other frequencies using dielectric resonators and quasi-optical
techniques.

APPENDIX

According to the classical pseudoharmonic model of dielec-
tric response [39], [18], complex permittivity can be described
as a summation over lattice oscillators. In the single-oscillator
model, complex relative permittivity is given by [28]

13
f2—f2—jTof

where (¢s — €x), [0 and fo represent the strength, width,
and frequency of the oscillator, respectively, and €g is the low
frequency limit. At frequencies much less than the oscillator
frequency (f2 < foz), the relative permittivity and loss tangent
can be approximated by

ERC = €00 + (65 — €c0) (35)

~ €S — &€
:E,‘S+ 72
1

es I
()]s
€00 fo
Comparison of (36) and (37) with (23) and (32) yields
direct relationships between the measured properties &ro,

12d?%e poldf?, and dtando/df and properties of the lattice oscil-
lator.

f? (36)

ER

tand = 37
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