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ABSTRACT

We aimed to identify metallic materials that could be used to construct metal-coated dielectric terahertz (THz) waveguides. We examined
seven different metals: gold (Au), copper (Cu), silver (Ag), aluminum (Al), nickel (Ni), chromium (Cr), and titanium (Ti). The propagation
losses of our in-house metal-coated dielectric parallel-plate waveguide (PPWG) were experimentally determined. We developed a physical
model to estimate the two key parameters determining the performance of metal-coated waveguides: the critical film thickness required for
bulk material-like behavior and the propagation loss in a film with a thickness greater than critical film thickness. Film quality, as revealed
by the thickness-dependent electrical conductivity of the metal film, was measured prior to experiments and used for model calculations
because propagation loss is influenced by film conductivity, which differs from bulk conductivity and depends on film thickness. After
experimentally validating the applicability of the model to different metals, suitable metals were identified based on the two key parameters
calculated by the model, assuming the same high film quality. Cu was identified as the optimal metal. The effect of film quality on the two
key parameters is discussed in this paper. The impact of the surface oxide (CuOy) layer on THz wave propagation was experimentally evalu-
ated using CuO,/Cu-coated PPWG; no detectable transmittance decrease was observed regardless of the CuO, thickness (1.5-176 nm),
when the underlying Cu film was of sufficient thickness. Our model also indicated that a CuOy layer <1 um-thick had a negligible impact
on THz wave propagation. Thus, native oxidation is not an issue when using Cu.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0075639

I. INTRODUCTION

Terahertz (THz) wave technology is an emerging field with
applications in communication, agriculture, security, medicine, and
Earth sciences.' ™ The application of THz wave-based communica-
tions is anticipated in beyond-fifth-generation and sixth-generation
networks;® it has led to the development of THz passive devices,
including filters, resonators, antennas, and waveguides.’t10
Waveguides are essential communication system components that
guide and propagate waves, but they are challenging to fabricate
because their aperture sizes are on or below the submillimeter
order.'" Thus far, THz waveguides have typically been composed of
two discrete pieces (i.e., split-block conﬁguration).lz']4 This struc-
ture inevitably experiences substantial misalignment loss when the
two split blocks are assembled into a single component, thus
degrading waveguide performance; such loss becomes significant

with increasing frequency, especially when the split blocks are con-
nected with other passive components.'” Therefore, monolithic
devices must be developed to fully utilize the intrinsic performance
of THz wave devices and integrated devices. Three-dimensional
printing has been regarded as a potential solution for this problem
because it can construct complex monolithic structures with suffi-
cient resolution.'®”"® Notably, high-resolution three-dimensional
printing can only manage dielectric materials, such as polymers;
therefore, metal films are necessary to coat the polymer substrate to
prevent THz wave penetration loss. However, the thin-film technol-
ogy necessary for creating metal-coated dielectric devices by depos-
iting a metal film onto the entire three-dimensional surface of a
submillimeter-scale, high aspect ratio, hollow structure has not yet
been developed. Thus, the development of thin-film technologies
that can achieve conformal deposition is essential for realizing
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monolithic metal-coated dielectric THz waveguides and further
integration candidates (e.g., chemical vapor deposition, atomic
layer deposition, and supercritical fluid deposition).'”™*’

Two additional questions must be answered for the develop-
ment of metal-coated dielectric THz wave devices: what is the
optimal film thickness, and what material should be employed?
The answers to both questions depend on the material properties,
which must, therefore, be studied. A few pioneering works on the
THz properties of metal films (as revealed by plasmon waves) have
been published.”*** The film must be sufficiently thick to allow it
to behave as a bulk material,”® but excessive thickness increases
material costs and reduces throughput; furthermore, film thickness
is influenced by film quality. We previously investigated the critical
thicknesses of gold (Au) films and their propagation losses using
our in-house multi-channel Au-coated silicon (Si) parallel-plate
waveguides (PPWGs) as test structures. We then developed a physi-
cal model to explain and anticipate thickness-dependent propaga-
tion loss and the critical film thickness.”” Note that critical film
thickness was previously defined as the thickness associated with a
loss 10% greater than that of 500-nm-thick films; we use this defi-
nition in the present work. Our model showed that the overall
propagation loss involved penetration and ohmic loss components;
we calculated their relative contributions. Penetration loss occurs
when a THz wave passes through a very thin metal film into the
dielectric substrate; thus, such loss depends on film thickness.
Ohmic loss occurs when an electric current dissipates in the
film and thus depends on electrical conductivity (determined
mainly by impurities and grain boundaries). For very thin films
(typically below several hundred nanometers in thickness), film
conductivity also depends on film thickness, decreasing with
reduced thickness because of increased electron scattering on the
surface/interface of the metal film (i.e., the thin-film effect) (Fig. S1
in the supplementary material). Our model also showed that the
critical film thickness is determined by the penetration loss in the
GHz region, but by the ohmic loss (i.e., electrical conductivity) in
the THz region. In detail, the critical film thickness in the GHz
region is the minimum thickness (typically >500 nm) that prevents
penetration loss; this thickness decreases with increasing frequency
in the GHz region as the skin depth decreases. In the THz region,
the thickness required to prevent penetration loss is very small
(typically <100 nm), but the use of such a thin film causes signifi-
cant ohmic loss attributable to the lower conductivity associated
with the thin-film effect. Therefore, the critical film thickness in
the THz region is the minimum thickness associated with a drop in
conductivity caused by the thin-film effect. For our fabricated Au
films, the critical film thickness decreased with increasing fre-
quency in the GHz region (0.03-1.0 THz) but increased in the THz
region (1.0-3.0 THz); the representative thicknesses were 453, 171,
and 225 nm at 0.03, 1.0, and 3.0 THz, respectively.

Au has typically been used to prepare metal-coated dielectric
THz wave devices because of its high conductivity and high oxida-
tion resistance.”* > However, because of high material cost, the
practical applications of Au coating for THz wave devices are
limited. Thus far, suitable alternative metals have not been identi-
fied because there is a lack of quantitative and systematic evalua-
tion based on material science and engineering, although silver
(Ag) and copper (Cu) have been considered for practical

ARTICLE scitation.org/journalljap

application.”’’* The use of ferromagnetic materials such as nickel
(Ni) has also been proposed.” In addition, given that the domi-
nant factor of propagation loss changes from penetration to ohmic
when the frequency transitions from the GHz to THz region (as
explained above), materials that are suitable in the GHz region are
not necessarily appropriate in the THz region. Thus, material eval-
uations should consider the effect of ohmic loss. Evaluation must
be systematic; the propagation losses of different materials must be
examined under identical conditions. Thickness dependence must
also be considered. The use of an arbitrarily fixed thickness is
inappropriate because the propagation loss in the THz region
(ohmic loss-dominant) depends on film thickness (the thin-film
effect may be in effect).”” Thus, our method evaluates the two key
parameters that affect waveguide performance: the critical film
thickness and propagation loss in a film with a thickness exceeding
that value.”” As all metals except Au form native oxide layers on
film surfaces, the impact of these oxides on THz wave propagation
must also be examined. Although oxides are conventionally
thought to be harmful, no systematic study has yet been
performed.

Appropriate film formation processes are required. We found
that critical film thickness and propagation loss were influenced by
electrical conductivity. Thus, a high-quality (i.e., high electrical
conductivity) film is essential for simultaneous enhancement of
waveguide performance and suppression of critical film thickness.
Chemical vapor deposition, atomic layer deposition, and supercriti-
cal fluid deposition methods ensure high conformality’*° and
yield high-purity films. These techniques are associated with much
smaller critical film thicknesses than those of current electroplating
technologies; this compensates for the lower deposition rates of the
former methods.

In this study, we screened suitable metallic materials for the
construction of metal-coated dielectric THz wave devices based on
the two key parameters calculated by the model, assuming the
same high film quality.”” Prior to screening, we experimentally vali-
dated our model for various metals. We used our in-house
PPWGs; silicon served as the dielectric substrate to ensure a flat
surface morphology and uniform film thickness of the metal
coating. We used sputtering to yield high-quality films with
smooth surface morphology and precise thickness. We employed
THz-time domain spectroscopy (THz-TDS) to measure the propa-
gation losses of metal-coated PPWGs.”” The reason we chose
THz-TDS is for rapid measurements for our comprehensive study
that necessitates a large number of measurements with various
metals and film thicknesses. Note that these test structures were
used only for material selection; they were not employed in applica-
tions. The physical model is explained in Sec. II and the experi-
mental details are provided in Sec. III; after the experimental
validation of model, the critical film thickness and propagation loss
in a film with greater than critical film thickness are evaluated for
seven metals [Au, Cu, silver (Ag), aluminum (Al), Ni, chromium
(Cr), and titanium (Ti)] in Sec. IV. The impact of the surface oxide
(CuOy) layer on THz wave propagation was evaluated in Sec. V. An
appropriate deposition method for the fabrication of metal-coated
dielectric THz waveguides is discussed in Sec. V1. Finally, we inves-
tigate the generality of the PPWG critical film thickness parameter
for waveguides of various shapes in Sec. VII.
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Il. MODEL OF PROPAGATION LOSS FOR A
METAL-COATED THZ PPWG

A. Basic model for metal-coated dielectric waveguides

We applied a previously developed model to estimate the
propagation loss for a metal-coated dielectric PPWG.”” The bounc-
ing wave description of the metal-coated dielectric PPWG applied
in the model is shown in Fig. 1(a). The model was developed by
modifying the bouncing wave of metallic PPWGs.”” The THz wave
is reflected on the surfaces of two parallel plates with a gap distance
6 and then propagates at an incidence angle 6 in the z-direction.
Propagation loss (@) occurs in the metal-coated dielectric PPWG
because of imperfect reflection at air/metal and metal/dielectric
interfaces. The propagation loss (;3) for a metal-coated dielectric
PPWG in the TE; mode is expressed as follows:

a3 =N(1— \T123|2)» (1)

where N is the number of bounces per unit length (thus, cot 6/6)
and 7,3 is the total reflection coefficient in an air/metal/dielectric
PPWG; 1,5 can be expressed in greater detail as

F1a + rpekdh

1 + rpsrypekdai’

)

T3 =

where 1, and r,3 are the reflection coefficients at air/metal and
metal/dielectric interfaces, respectively; d, is the thickness of the
metal film; and k is defined as 27x(n, cos 8,)/Ay, where n, is the
refractive index of the metal film, 6, is the incident angle of the
THz wave to the metal film, and A, is the free-space wavelength of
the THz wave. Because all parameters in Eq. (2) except n, and d,
can be determined by the geometry of the PPWG and the optical
properties of the air (n;) and a dielectric substrate (n3), « is influ-
enced only by n, and d,, both of which are related to the metal
film. Furthermore, n, can be expressed by the direct-current con-
ductivity (cp) of the metal film under the assumption of the
(a)

y
Air WT& I
Metal -
x z

Dielectric 123

Air
Metal oxides \/\
Metal
Dielectric | 1234

FIG. 1. Bouncing wave description of terahertz (THz) wave propagation in (a)
metal-coated dielectric parallel-plate waveguides (PPWGs) and (b) metal oxides/
metal/dielectric PPWGs.
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39,40

Hagen-Rubens regime™ " as follows:

1 - 4ro, ”+1 L 1
Ny = £ — — i —
2 2 © 2 2

3

where o is the angular frequency. In addition, o, significantly
decreases with decreasing thickness (i.e., the thin-film effect),
which is apparent at <200 nm for Cu (e.g., because of electron
grain boundary and surface scattering); therefore, the dependence
of film thickness on electrical conductivity should also be consid-
ered. Hence, the thickness-dependent electrical conductivity of the
metal film oo/ is used instead of oy; oos is determined by the
Fuchs-Sondheimer (F-S) theory and the Mayadas—Shatzkes (M-S)

theory*"* as a function of d, as follows:
1 1
3XAX— IXAX—
O0,b [ X) R 1 1
J— 7’X(l—p)+7’>< X —4—
O-O,f 8 2 1—R d2 O0,b

4)

where o0y, is the bulk conductivity of the metal film, A is the mean
free path of an electron in the metal film, p is the specularity coeffi-
cient of the metal film, and R is the grain boundary reflection coef-
ficient of the metal film. Accordingly, it is possible to estimate ;23
using Egs. (1)-(4) of our model, considering oo (and resulting 1,)
and d,, both of which can be obtained experimentally, and using @
for measurement. Note that a full-vector analysis can theoretically
calculate the precise behaviors of millimeter-scale THz electromag-
netic waves within metallic films but, given their dimensions, the
computational costs are very high. Our model (based on the bounc-
ing wave) is simpler and more concise and feasible, but it still ade-
quately reveals material properties. Note that the model described
by Eqgs. (1)-(4) deals with THz wave propagation inside the
PPWG; however, this can also be applied to our multi-channel
PPWG because, although experimental transmittance is influenced
by the geometry and materials outside the channel, the propagation
loss is not (because it is canceled out during the transition from
transmittance to propagation loss).

B. Extended model for metal-coated dielectric
waveguides with surface oxides

To calculate the propagation loss (@;,34) of a metal-coated
dielectric PPWG including surface oxides on the metal film, reflec-
tion at the metal/metal-oxide interface should be further consid-
ered. Four mediums must be considered for the PPWG, including
air, metal-oxide, metal, and dielectrics [Fig. 1(b)], with refractive
indexes of n, ny, 13, and ny, respectively. Using Eq. (1), @234 is
obtained from the total reflection coefficients of the four-layer
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structure (r),34), which is determined as follows:

iy razedkedi 4 g QRladithad)i g p g 2
1 + riarasekedi 4 pyars,esdi 4 pops, e2kedtksds)i

2.
(kx = Z._” 11, COS Hx) , (5)

0

71234 =

where 75, 153, and 734 are the reflection coefficients at the interfaces
of air/metal-oxide, metal-oxide/metal, and metal/dielectric, respec-
tively; d, and d; are the thicknesses of the metal-oxide and metal,
respectively. Similar to a3, @i234 can be estimated using the
thickness and thickness-dependent conductivity of the metal
(ds and oy 3), as well as the thickness and refractive index of the
metal-oxide layer (d, and #,). Unlike metals, the relationship
between 1, and oyp for non-conductive materials is unknown;
therefore, n, is used instead of oy p, and it can be obtained from
previous studies or estimated experimentally. Accordingly, it is pos-
sible to estimate @534 using the extended model determined by
Egs. (1) and (3)-(5), considering n,, oop (and resulting ),
d,, and dj, all of which can be obtained experimentally or from
previous studies. Note that the model in Fig. 1 does not consider
the thickness of the dielectric substrate, i.e., being assumed as
infinite.

. EXPERIMENT

Two experiments were conducted to screen for suitable metals
and to evaluate the impact of CuO4 film on propagation loss.
Both experiments utilized the multi-channel PPWG developed in
our previous work’’ as both the test structure and platform for
systematic analysis. Both experiments involved four similar steps
[Fig. 2(a)]. The first step was film preparation, which included
metal film deposition on both sides of multiple substrates, followed
by oxidation of the surface or deposition of the oxide film if neces-
sary. The second step was the evaluation of film thickness and
electrical conductivity. The third step was the stacking of multiple
substrates to form the PPWG. The final step was the measurement
of PPWG transmittance.

Si substrates . .
I. Film deposition

(metal=Cu, Cr, Ni, Ti)
(oxidized if necessary)

Il. Film characterization <
(SEM, XPS, hat
four-point probe)
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A. Experiments for material selection

The p-doped (1-100Qcm) double-side-polished Si wafer
(thickness: 280+ 10 um) with a size of 14x2.5 or 14 x 5.0 mm®
was used as a substrate without pretreatment. The refractive index
n3 was taken to be 3.56 + 0.21j; this is the average value of a low-
resistivity silicon substrate at 0.2-2.0 THz."’ Metal films composed
of Cu, Cr, Ti, or Ni were deposited on both sides by magnetron
sputtering (VTR-150M/SREF; Ulvac, Inc., Kanagawa, Japan) using a
power supply of 50 W under an argon pressure of 0.8 Pa, similarly
with Au.”” The thickness of the metal film was then measured by
scanning electron microscopy (SEM; JSM-7900F; JEOL, Ltd.,
Tokyo, Japan). The thickness ranges were 20-450 nm for Au,”’
30-425nm for Cu, 223-709 nm for Cr, 144-218 nm for Ni, and
290-929 nm for Ti. The electrical conductivity of the film was mea-
sured using a four-point probe (U3402A; Agilent Technology,
Santa Clara, CA, USA). As the substrate dimensions were
14 x 50 mm?, and the probe intervals were 1.0 mm, a resistivity
correction factor (RCF) of 3.5750 was applied.”* Ten Au-coated Si
substrates were stacked at intervals of 280um by sandwiching a
pristine Si chip (2.1 x 2.5 or 2.1 x 5.0 mm®) as a spacer, resulting in
a nine-channel PPWG. The PPWG fixed within its plastic holder is
shown in Fig. 2(bl). After stacking, the channel sizes at the
entrance and exit were evaluated by optical microscopy (ECLIPSE
LV100; Nikon Corp., Tokyo, Japan); they had a mean height of
0.28+0.01 mm and mean width of 9.8 £0.01 mm. The channel
width to height ratio at the entrance plane was 35; therefore, it was
approximated as a PPWG rather than a rectangular waveguide
(RWG). The transmittances of metal-coated PPWGs with lengths
of 2.5 and 5.0 mm were measured in dry air by THz-TDS in TE,
mode, with a frequency range of 0.4-1.4 THz. The cutoff frequency
of the lowest-ordered TE mode (TE, mode) was 0.54 THz.
Considering that the cutoff frequency of the next possible even-
symmetric higher-order mode (TE; mode) is 1.61 THz, it was
apparent that only the TE; mode occurred in our measured fre-
quency range of 0.4-1.1THz’**>*° A collimated THz beam
approximately 3.5 mm in diameter was irradiated to the center of
the multi-channel PPWG [Fig. 2(b2)]. We used a nine-channel
PPWG to ensure that beam intensity could be measured. We did
not use a focused beam, which frequently causes run-to-run errors
due to misalignment; instead, we used a collimated beam to ensure
the repeatability of measurements performed for systematic

M 98mma

“ 25 5mm

Ill. Stacking
IV. Transmittance measurement

FIG. 2. (a) Fabrication of metal-coated dielectric parallel-plate waveguides. (b1) Side view and (b2) front view of the fabricated sample. The white circle in (b2) shows the

position of the irradiated THz beam.
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evaluation. Following the measurements, we calculated propagation
loss from the transmittances of the 2.5- and 5.0-mm PPWGs as
follows:

T
—10 x log?2
- 4

o[dB/m] = , (6)

L,— L,

where T) and T, are the transmittances of waveguides with propa-
gation lengths L; and L,, respectively. Scattering loss caused by the
surface roughness of the metal film was not considered because the
root mean square value measured by atomic force microscopy
(SPA400-DFM; Seiko Instruments Inc., Chiba, Japan) was only
1.0 nm (data not shown). In addition, we simulated transmittance
spectra for the same PPWG geometry using perfect electric con-
ductors (PECs); we used commercial software (CST Studio Suite;
Simulia, Johnston, RI, USA) for this purpose. A normally incident
linearly polarized plane wave that excites the TE; mode was
directed to the structure when calculating the periodic boundary
conditions. As PECs were assumed, the transmittance was not
affected by waveguide length.

B. Experiments for impact of CuO, on propagation
loss

To evaluate the impact of CuOy on propagation loss, we per-
formed an experiment similar to the approach described above,
except for CuOy formation in the second step. The Cu film was
deposited to a fixed thickness of 300 nm, which exceeded the criti-
cal film thickness (180 nm at 0.72 THz).”” CuO, was intentionally
formed on the surface of the Cu film using two different methods:
by intentionally annealing the Cu film in the air at 80 °C for 1-4h
to form a thin CuO, film (1.5-7.6 nm) and by depositing a CuOy
film onto the Cu film by magnetron sputtering in an O,/Ar
mixture (0.2 MPa O,, 0.6 MPa Ar) to form a thick CuO, film
(35-176 nm). The thickness of the thin CuO, film was character-
ized by depth profiling of x-ray photoelectron spectroscopy
(XPS, model 1600C, ULVAC-PHI XPS, Kanagawa, Japan) coupled
with Ar ion etching. The thickness of the thick CuOy film was
characterized by both SEM and XPS; the results showed good
agreement. The electrical conductivities of the films were also mea-
sured using a four-point probe. These CuO,/Cu/Si substrates were
then stacked as described for the first experiment to form the
PPWG. Transmittances of the 2.5- and 5.0-mm metal-coated
PPWGs were measured using the methods and conditions
described for the first experiment.

IV. MATERIAL SELECTION

To select suitable metal coatings, we evaluated two key param-
eters that determine the performance of metal-coated dielectric
waveguides: critical film thickness and propagation loss in a film
thicker than the critical thickness. Note that as an appropriate defi-
nition of critical film thickness is lacking, we defined this as the
thickness resulting in a loss 10% greater than that of 500-nm-thick
films.”” A 500 nm-thick film was regarded as bulk because it is
much larger than the skin depth (e.g., the skin depth is 75 nm for
Au at 1.0THz) and the thickness is such that the electrical
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conductivity can be regarded as constant; the thin-film effect
shown in Fig. S1 in the supplementary material is not in effect,
details of which will be explained in Sec. IV C. We experimentally
obtained the thickness dependence of propagation loss in metal-
coated dielectric PPWGs and compared the results to the values
calculated by our physical model based on the thickness-dependent
conductivities of metals. The good matching of them verified the
validity of our model, so that it was applied for selecting the suit-
able materials under the assumption that all films were of equal
quality. Section IV A presents the transmittance values for the Au,
Cu, Nj, Cr, and Ti at various film thicknesses in PPWGs of varying
propagation lengths to derive the propagation loss. Section IV B
presents the thickness-dependent conductivities of these metals,
which are needed to calculate the propagation loss. Section IV C
presents the dependence of the propagation loss on the experimen-
tally estimated film thickness based on these results and thereby
validates our model. Section IV D presents the materials selected
by the model when all films were assumed to be of equal quality.

A. Transmittances of metal-coated PPWGs for various
metal films

The transmittances of the Au, Cu, Ni, Cr, and Ti at different
film thicknesses for PPWGs of varying length were obtained exper-
imentally to derive the propagation loss. Cross-sectional SEM
images used to measure the thicknesses of the metal films are
shown in Fig. S2 in the supplementary material. The transmittances
are displayed as a function of frequency in Fig. S3 in the
supplementary material. Representative results are shown in Fig. 3;
the transmittances of 2.5- and 5.0-mm metal-coated PPWGs with
450-nm-thick Au, 425-nm-thick Cu, 218-nm-thick Ni,
709-nm-thick Cr, and 929-nm-thick Ti are shown. The transmit-
tances of PPWGs composed of PEC with the same geometry as the
PPWGs used in the study are shown in Fig. 3. Note that multiple
oscillations were observed in the simulated transmittances; these
indicate multiple reflections at the end face of the waveguide.

For 2.5-mm propagation, the transmittances of Au, Cu, and
Ni were as high as the transmittances of PEC-based PPWGs
[Fig. 3(a)]. The large difference between the simulated and experi-
mental values near the cutoff frequency is attributable to the funda-
mental limit of THz-TDS spectral resolution and diffraction loss."”
In contrast, Cr and Ti exhibited lower transmittances than
PEC-based PPWGs, suggesting that the losses were large. Note that
Ni exhibited transmittance superior to Cu and Au at certain fre-
quencies [Fig. 3(a)]; this is an artifact (THz-TDS measurement
error). In addition, ripples were observed in all experimental, but
not simulated, transmittances. These ripples were evident in the
THz-TDS transmittances of circular waveguides (CWGs), and in
the blank test (i.e., no waveguide),” suggesting that the ripples may
be THz-TDS-induced artifacts. Although the experimental
losses are affected by the errors inherent in transmittance,
they were reproduced in the model-calculated losses (Fig. S4 in the
supplementary material), suggesting that our experimental trans-
mittances are reasonable. Similar trends were observed for
5-mm-thick PPWG [Fig. 3(b)]. If the films are sufficiently thick,
Au, Cu, and Ni showed equally good performance. Because propa-
gation loss is proportional to the square root of permeability,
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FIG. 3. Transmittances of (a) 2.5-mm- and (b) 5.0-mm-long PPWGs coated with different metals including gold (Au), copper (Cu), nickel (Ni), chromium (Cr), and titanium
(Ti), for film thicknesses of 450, 425, 218, 709, and 929 nm, respectively. A model simulation (black line) for a perfect electric conductor (PEC) is added for comparison.

permeability should be considered for ferromagnetic materials such
as Ni.”® However, we observed no detectable decrease in Ni trans-
mittance compared with other non-ferromagnetic materials, which
suggests a minor impact of relative permeability in the THz regime.
A previous study of Ni permeability in the microwave region” showed
that permeability decreases to unity when the frequency exceeds
10 GHz, supporting our results. In practice, Ni has been applied in the
construction of metal-coated dielectric THz waveguides.””

B. Thickness-dependent electrical conductivities of
different metals

The thickness-dependent electrical conductivities of the metal
films shown in Fig. S2 in the supplementary material are measured.
As the reciprocal of conductivity is linearly related to the reciprocal
of film thickness [Eq. (4)], the experimental results are plotted in
this manner in Fig. 4. Linear regression lines'' were drawn by
fitting the slopes and y-intercepts. The slope represents the strength
of the thin-film effect [the terms in parentheses in Eq. (4)] and the
y-intercept is the reciprocal of bulk conductivity [last term in
Eq. (4)]. The other variables of Eq. (4), including p, R, and 4, are
not obtained by fitting. These variables are difficult to estimate
theoretically, and thus remain unknown, but it is still possible to
discuss thickness-dependent conductivity and propagation loss. As
greater conductivity is associated with smaller propagation loss,
metal films should have small y-intercepts and slopes. The bulk
conductivities (Fig. 4) were 3.7 x 107, 3.7 x 107, 1.1 x 107, 9.1 x 10°,
and 5.9x10°S/m for sputtered Au,”” Cu, Ni, Cr, and Ti films,
respectively. Note that real-world conductivities are always lower
than literature values, given the impurities and grain boundaries
present in all films. In other words, the literature values were
obtained using extremely pure single-crystal metals (e.g., the litera-
ture bulk conductivities of Cu and Au are 596x10” and
4.50 x 107 S/m, respectively).”” As shown in Fig. 12 in our previous
study,” the bulk conductivities of Au films prepared using different
techniques range from 0.26- to 1.0-fold the literature values. Our
Au film had a value close to the literature values, and Cu and Ni

values were reasonable. The slopes varied among the metals, sug-
gesting that the magnitude of the thin-film effect depends on the
material. Au and Cu performed equally well, showing high bulk
conductivity and a small slope, suggesting that both materials
would exhibit good propagation performance at any film thickness.

C. Model validation of the various materials

Thickness-dependent propagation loss was estimated from the
experimental results reported in Sec. IV A and then used to validate
the generality of our model for different metals. Thus, the experi-
mentally obtained transmittances for metal-coated PPWGs with
films of varying thickness (depending on frequency; Fig. S3 in the
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FIG. 4. Relationship between the reciprocals of electrical conductivity (1/c) and
film thickness (1/d).
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supplementary material) were converted into propagation
losses using Eq. (6). The results are shown in Fig. S4 in the
supplementary material. Next, the propagation losses of the Au,
Cu, Ni, Cr, and Ti (of varying thicknesses) at 0.72 THz were
extracted from Fig. S4 in the supplementary material and are
shown in Fig. 5. We chose 0.72 THz because, at this frequency, dif-
fraction loss was not affected by the loss at 0.54-0.70 THz.
Therefore, we measured the maximum loss; the loss decreased with
frequency, as shown in Fig. S4 in the supplementary material.
Frequency-dependent propagation losses were also calculated from
the thickness-dependent conductivities of Fig. 4; the results are also
shown in Fig. $4 in the supplementary material. Next, propagation
loss as a function of film thickness was calculated from the
thickness-dependent conductivities (Fig. 4); the results are shown
in Fig. 5. The lengths of the error bars in Fig. 5 were determined by
measuring the reference (i.e., sample holder alone, without PPWG)
five times. For all metals, the experimental and simulated
thickness-dependent propagation losses were consistent, thus vali-
dating the applicability of our model to different metals. The film
thickness-dependencies of the propagation losses at other frequen-
cies (0.78 and 0.84 THz) were also compared (Fig. S5 in the supple-
mentary material); the experiments and simulations were in good
agreement. The precise matching at three different frequencies
further supports the validity of our model.

The two key parameters of our films that determine the per-
formance of metal-coated dielectric waveguides, i.., the critical
film thickness and propagation loss in a film thicker than the criti-
cal thickness, were extracted from Fig. 5 and are shown here for ref-
erence. As the critical thickness was defined as the thickness
resulting in a loss 10% greater than the bulk, it was necessary to
define the bulk. A 500 nm-thick film was regarded as bulk because

Loss (a) [dB/cm]

0 200 400 600 800
Film thickness (d) [nm]

1000

FIG. 5. The thickness dependency of propagation losses at 0.72 THz in
PPWGs coated with different metals (Au,>” Cu, Ni, Cr, and Ti). The dots and
lines indicate the measured and simulated values, respectively.
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it is much larger than the skin depth (e.g., the skin depth is 75 nm
for Au at 1.0 THz) and the thickness is such that the electrical con-
ductivity can be regarded as constant; the thin-film effect shown in
Fig. S1 in the supplementary material is not in effect. Note that as
the 500-nm-thick films were not experimentally fabricated, the
losses thereof were extracted from the thickness-dependent
propagation loss shown in Fig. 5. These were 0.38 dB/cm for
Au, 0.41 dB/cm for Cu, 0.87 dB/cm for Ni, 3.5 dB/cm for Cr, and
4.4dB/cm for Ti. The critical film thicknesses at 0.72 THz were
180 nm for Au, 180 nm for Cu, and 340 nm for Ni, but those for
Cr and Ti were not obtained because they exceeded 500 nm. As
stated above, our threshold was a loss 10% larger than that exhib-
ited by a 500-nm-thick film. The propagation losses for films
exceeding the critical film thickness at 0.72 THz were 0.42 dB/cm
for Au, 0.45dB/cm for Cu, 0.96dB/cm for Ni, 3.9dB/cm for
Cr, and 4.8 dB/cm for Ti.

D. Material selection by our model

Given that the validity of our model was confirmed in
Sec. IV C, we next used the model to select suitable metals. We rec-
ognize that the conductivities (oy,, values) of our deposited films
differ from the literature values (e.g., 0y, of our Au film is 0.9-fold
the literature value™ and oy, of our Cu film 0.6-fold the literature
value).”’ It was thus difficult to compare the metals using the
deposited films. It is essential to compare different metals while
keeping the film qualities consistent, where the qualities are
determined by our model from the thickness-dependent conductiv-
ity, as given by Eq. (4), which includes oy, and [0.375(1 —p)
(AMogp) + 1.5R(1 — R)(A/og)]. The latter term denotes the probabil-
ity of surface and grain boundary scattering, and thus the strength
of the thin-film effect; a smaller value indicates higher film
quality. During material selection, we made several assumptions
about thickness-dependent conductivity. This parameter has been
employed for selection of suitable metals that form the intercon-
nections for “ultra-large-scale integration” (ULSI).”" Thus, p and R
were assumed to be the same, and A and oy, were taken as the lit-
erature values.””>* As p and R are not theoretical parameters, and
are difficult to determine experimentally, the final value of [0.375
(I —p)+ L5R(1 — R)] was assumed to be 0.66. Such a small value
indicates a high-quality film; our previous report on the thickness-
dependent conductivity of Au films prepared using various deposi-
tion methods and experimental conditions”” showed that the value
ranged from 0.66 to 4.8. Under these assumptions, we compared
the experimentally studied metals (Au, Cu, Ni, Ti, and Cr), as well
as Ag and Al (which also exhibit high electrical conductivity). Note
that the metal alloys used for several decades to prepare GHz
metallic waveguides™° are also potential candidates; we will evalu-
ate them in the future. In brief, propagation loss according to film
thickness was calculated for films of the same quality; we used the
thickness-dependent conductivities defined above and Egs. (1)-(4)
(assuming the same p and R, and the ideal 4 and oy;). We
extracted the key parameters determining the performance of
metal-coated dielectric waveguides: the critical film thickness and
propagation loss in a film thicker than the critical thickness. It is
necessary to determine the bulk for determining the critical thick-
ness, similarly with Sec. IV C, which was also the 500-nm-thick
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film herein. The losses in the 500-nm-thick films were obtained
from the above calculations as 0.26 dB/cm for Cu, 0.25 dB/cm for
Ag, 0.30dB/cm for Au, 0.34dB/cm for Al, 0.52dB/cm for Ni,
0.84 dB/cm for Cr, and 1.5dB/cm for Ti. Table I summarizes the
values used for calculation (i.e., oy, 4, and A/0p ;) and the results
(ie., the critical film thickness and propagation loss of/in films
thicker than the critical film thickness [acr]) for the seven metals.
The critical film thickness and acy values were those at 0.72 THz,
i.e., TE; mode of our waveguide, as in the experiments. The critical
film thickness and acr values of the different metals listed in
Table I are shown in Fig. 6. Note again that these values were
obtained under the assumptions described above.”’ The critical
film thickness and acr change with film quality.

A comparison of the two key parameters revealed that Cu was
an attractive metal since it had the smallest critical thickness and
comparable ocr (with Ag has the smallest value). Considering
material cost and availability, Cu should be preferred to Ag and
Au. The reasons why Cu exhibited the smallest critical film thick-
ness and comparable acr (with Ag) are explained below. Critical
film thickness is difficult to express using an equation but can be
determined from oy, and [0.375(1 — p)(A/op) + 1.5R(1 — R)(A/oy,
»)]; the latter term reflects the strength of the thin-film effect. As
we assumed that all films had the same p and R values, the latter
term was determined by A/og; alone. Therefore, the critical film
thickness was determined by oy, and A/0y . A higher o, provides
a smaller skin depth and thus a smaller critical thickness. A higher
Aoy, strengthens the thin-film effect; the critical thickness then
increases to mitigate the lower conductivity induced by the thin-
film effect. Although Ag showed a higher oy, than Cu, the higher
Aoy, of Ag means that the critical film thickness is greater than that
of Cu. ocy is determined only by og;; a higher oy, yields a lower
acr As Cu and Ag have similar oy, values, the acr values are also
similar. Accordingly, the linear relation between critical film thick-
ness and acr (Fig. 6) is a consequence of these phenomena.

The impact of film quality on critical thickness is discussed
below. The critical thicknesses obtained above are for high-quality
films; real-world films are sometimes not of the same quality
because of imperfect deposition methods or conditions. Such films
generally have higher values of [0.375(1 — p)(A/oy) + 1.5R(1 — R)

TABLE I. Electrical bulk conductivity (cp,),”" mean free path (1),"*>* quotient
(Alog,p), critical film thickness, and propagation loss in a film thicker than the critical
film thickness (acr). We evaluated gold (Au), copper (Cu), nickel (Ni), chromium
(Cr), and titanium (Ti) films at 0.72 THz. We assumed that [0.375(1 — p) + 1.5R
(1 —n)] was 0.66 for all metals.

Critical acr

o A o/ thickness (dB/

Material  (S/m)  (nm) (m?/S) (nm) cm)

Cu 596x107 399  6.69x107'° 106 0.29

Ag 6.30x107 533 846x107'° 110 0.28

Au 450x10° 377 838x107'° 118 0.33

Al 3.50x 107 189  5.40x107'° 119 0.37

Ni 146x 107 5.87 4.02x107'° 168 0.57

Cr 510x10° 152 2.98x107"° 310 0.92
Ti 1.80x 10° 285 1.58x107™* 435 1.7
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FIG. 6. Critical film thickness and propagation loss in films thicker than the
critical  thickness (acy), for various metals. We assumed that [0.375
(1—p) +1.5RI(1 — R)] was 0.66. The test frequency was 0.72 THz.

(AUoop)] but lower values of oy, as summarized in our previous
study.”” Figure 7 shows the critical film thickness of a Cu film at
0.72 THz. For the former term, a smaller value indicates a higher-
quality film; 0.66 was the lowest literature value that we found.”’
The 0y, of Cu was assumed to vary between 1.4 and 5.96 x 107 S/m;
the value of 5.96 x 107 is the literature value.”’ The critical thickness
of the highest-quality Cu film was 106 nm (Table I). Lower-quality
films exhibiting stronger thin-film effects must be thickened to
prevent any such effect, and thereby behave as metallic waveguides
fe.g., the thickness is 186nm for the ideal o) with a [0.375
(1 =p)+ 1.5R(1 — R)] value of 3.2}. oy, also influences the critical
thickness, which increases as oy, decreases. For example, when
[0.375(1 — p) + 1.5R(1 — R)] is 3.2, the critical film thickness increases
from 186 to 242 nm when oy, decreases from 5.96 x 10’ S/m to one-
fourth of that value (1.49 x 10” S/m). Film quality also influences acr
(through oy, alone); the smaller oy, values of low-quality films
increase o Under such circumstances, it is not necessary to con-
sider the thin-film effect because acr is the propagation loss above
the critical thickness. As acr is equivalent to the propagation loss of
metallic waveguides, it is possible to derive an equation for such
waveguides (see below).

Thus, it is clear that both the critical film thickness and acr
are influenced by film quality. Therefore, it is recommended that
the thickness-dependent conductivity of metal films be measured
prior to fabricating metal-coated THz waveguides. Both key param-
eters must be addressed. Figure 7 shows how to simply derive the
critical thickness from the thickness-dependent conductivity. To
minimize the critical thickness and acrp preparation of high-quality
films (via optimization of the deposition method and conditions) is
critically important. Although Cu is thought as suitable metals, its
critical film thickness and acr depends on film quality. As the dif-
ferences in the two key parameters between Ag, Au, Al, and Cu
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FIG. 7. The critical film thickness of a Cu film at 0.72 THz depending on [0.375
(1—p)+1.5RI(1—R)] and the bulk conductivity (cqp). The former value
denotes the strength of the thin-film effect on electrical conductivity (a smaller
value indicates a higher-quality film; 0.66 was the lowest value that we found).””
o0, of Cu was assumed to vary from 1.49 to 5.96 x 10 S/m; the literature value
is 5.96 x 107 S/m.”

were small, Ag, Au, or Al could be used if creating such high-
quality film are attainable while creating high-quality Cu films are
unreachable. Ni, Cr, and Ti should not be used because the values
of the two key parameters are not acceptable.

V. IMPACT OF CuOx ON THZ WAVE PROPAGATION
A. Thin CuO, layer

We investigated the impact of a thin surface oxide (CuOy)
layer formed on Cu-coated dielectric THz waveguides on
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transmittance by using a methodology similar to the approach in
Sec. 1V, except that the metal film surface was intentionally oxi-
dized. Oxidation was conducted by annealing the Si substrate
covered by a 300-nm Cu film in air at 80 °C. The thicknesses of the
CuO, layers were 1.5, 3.2, 4.7, and 7.2 nm after 0, 1, 2, and 4 h of
annealing, respectively, as evaluated by XPS depth profiling (Fig. S6
in the supplementary material). Cu was consumed by surface oxi-
dation, thereby decreasing the Cu film thickness; however, this
reduction was <5nm in our case, thus providing sufficiently thick
Cu under the CuOy layer. The transmittances of 2.5- and 5.0-mm
Cu-coated PPWGs with different CuOy thicknesses were measured
experimentally in TE; mode and simulated for PPWGs composed
of PEC [Figs. 8(a) and 8(b)]. The transmittances were similar
regardless of the CuOy thickness, PPWG material, and propagation
length, within a range of 1.5-7.2 nm. Because the transmittances of
the 2.5- and 5.0-mm PPWGs were indistinguishable [Figs. 8(a)
and 8(b)], we did not calculate their propagation losses. Because
the thicknesses of native CuOy are reportedly <10 nm at room tem-
perature after several years, such that they remain stable,”’ " we
presumed that the impact of CuO, on THz wave propagation
would be negligible under typical THz wave device operating
conditions.

B. Thick CuO, layer

We also investigated the impact of a thick CuOy layer on wave
propagation because THz wave devices are sometimes used in
harsh environments, such as aircraft sensors,”’ where a thick CuO,
layer can form. We used a methodology similar to the approach
described in Secs. IV and V A, except that the CuOy layer was
intentionally formed by deposition rather than by annealing. The
CuO, layer was deposited by magnetron sputtering onto an Si sub-
strate covered by a 300-nm Cu film. The CuOy layer thicknesses
were evaluated as described in Sec. V A; XPS depth profiling
showed thicknesses of 35, 63, 101, and 176 nm after 15, 30, 60, and
120 s of deposition (Fig. S7 in the supplementary material). These
results were consistent with the findings of cross-sectional SEM
observation (Fig. S8 in the supplementary material). The
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FIG. 8. Transmittance spectra of (a) 2.5-mm- and (b) 5.0-mm-long Cu (300 nm)-coated PPWGs with a thin CuO, layer on the Cu surface. A corresponding model

simulation (black line) for PPWGs composed of PEC is shown for comparison.
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transmittances observed for 2.5- and 5.0-mm PPWGs with differ-
ent CuOy layer thicknesses and the transmittances simulated for
PPWGs composed of PEC are shown in Figs. 9(a) and 9(b).
A sample with a 1.5 nm-thick CuOy layer is shown in Figs. 9(a)
and 9(b) for comparison.

Although Fig. 9(a) shows slight between-sample deviations in
transmittance at certain frequencies, transmittance did not obvi-
ously vary with film thickness. Furthermore, if the CuO, layer
affected transmittance, the magnitude of the effect should be
greater at longer propagation lengths [Fig. 9(b)]; in reality, the
transmittances overlapped. Therefore, we conclude that there was
no difference in transmittance among different CuOy thicknesses
between 2.5- or 5.0-mm PPWGs, or between our in-house PPWGs
and PPWGs composed of PEC, indicating that CuO, did not influ-
ence THz wave propagation. Because the transmittances of 2.5- and
5.0-mm PPWGs were indistinguishable [Figs. 9(a) and 9(b)], we
did not calculate their propagation losses. Thus, the CuOy layer
had no harmful effects on THz wave propagation, regardless of its
thickness.

C. Model-estimated impact of CuO, layer thickness on
propagation losses

The impact of the CuOy layer on the propagation losses of
CuO,/Cu-coated dielectric PPWGs was investigated theoretically
using our extended physical model. The extended model was not
experimentally validated because no loss was observed in the exper-
iments, but the results appeared reliable because the extension
scheme from metal-coated to metal-oxide/metal-coated waveguide
was identical to the extension scheme from a metallic to a metal-
coated waveguide. The parameters required for the extended model
to calculate propagation losses include the thickness and electrical
conductivity of the Cu layer, as well as the thickness and refractive
index of the CuOy layer (see Sec. II B). To focus on the impact of
CuOy layer thickness, we assumed that the underlying Cu film was
sufficiently thick (300 nm) to prevent penetration loss, with a conduc-
tivity equivalent to the bulk value shown in Fig. 4 (3.7 x 10” S/m).
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The thickness of the CuOy layer was varied from 1nm to 10 um.
The refractive indices for the CuOy layers were obtained from the
literature: 1.9 +0.04i for Cu,O°' and 3.1+ 0.06i for CuO.®” These
were the values at 1.0 THz but were also applicable in our fre-
quency region (0.7-1.1 THz) because they changed very little with
frequency (e.g., the refractive index of CuO ranges from 3.1 +0.06i
to 0.07i at 0.7-1.1 THz and the refractive index of Cu,O is
1.9 + 0.04i at 1.0-1.1 THz).°"%*

Because Cu has two oxidation states (CuO and Cu,O), the
impact of the oxidation state on propagation loss was investigated
using the extended model. The propagation losses calculated for
CuOy (1 um)/Cu-coated PPWGs in TE; mode with different refrac-
tive indices for Cu,O and CuO are shown in Fig. 10. A Cu-coated
PPWG without surface oxide was used as a control. We detected a
minor difference between Cu,O and CuO, i.e., losses of <1.1% and
<0.4% (compared to Cu) at any frequency. Such losses may be
neglected regardless of the refractive index (i.e., the oxidation state).
These results were in good agreement with those for Cu-coated
PPWGs without surface oxide, indicating that a 1-um-thick CuOy
layer is transparent to THz wave propagation, which supports the
data shown in Fig. 9. The CuOy layer did not influence THz wave
propagation, regardless of its oxidation state; therefore, the presence
of CuOy is negligible, at least for layers less than 1-um-thick.

The impact of the thickness of the CuO, layer on propagation
losses was investigated using the extended model. The refractive
index of CuO, was assumed to be constant, independent of its
thickness. The propagation losses of CuO,/Cu-coated PPWGs
calculated in TE; mode for different CuO, layer thicknesses
(1 nm-10 um) are shown in Fig. 11. A refractive index of 1.9 + 0.04i
was used to represent Cu,O. A Cu-coated PPWG without surface
oxide is shown as a control. The propagation losses of the
CuO,/Cu-coated PPWGs with CuOy thicknesses of <1 um were
equivalent to the losses of Cu-coated PPWGs without oxides, indi-
cating that the CuOy layer did not influence THz wave propagation.
A loss difference was observed when the CuO layer was
5-um-thick; this was 10% (compared to Cu) at 1 THz. The losses
were larger when the layer was 10-um-thick, thus 31% higher at

0.6
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FIG. 9. Transmittance spectra of (a) 2.5-mm- and (b) 5.0-mm-long Cu (300 nm)-coated PPWGs with a thick CuOy layer on the Cu surface. A corresponding model

simulation (black line) for PPWGs composed of PEC is shown for comparison.
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FIG. 10. Propagation losses of PPWGs consisting of 1-um-thick CuO,/
300-nm-thick Cu/Si in TE; mode. The conductivity of the Cu coating was
3.7x 107 S/m.

0.72 THz and 72% higher at 1.0 THz; however, this was an unrealis-
tic value considering the very slow native oxidation. The same
results were obtained for CuO (data not shown).

These investigations were conducted under the assumption of
a sufficiently thick Cu film to prevent penetration loss, such that
the conductivity of the Cu film remained unchanged. However, if

Thickness of Cu,O

0 1 1 1 1 1 1
04 05 06 07 08 09 1 11

Frequency [THz]

FIG. 11. Propagation losses of Cu,O/Cu/Si PPWGs in TE; mode with different
CuyO thicknesses, ranging from 1 nm to 10 um, with an assumed refractive
index of 1.9 +0.04i. The thickness of the Cu coating was 300 nm, with a con-
ductivity of 3.7 x 10” S/m.
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the Cu film were thinner than the critical film thickness, its con-
ductivity and resulting ohmic loss would continuously increase
during the native oxidation. Thus, the thickness of the Cu film
should be designed considering the thinning of the Cu film by
native oxidation. Some devices are designed to practically adopt a
passivation layer (e.g., Au) to prevent the metal coating from expe-
riencing native oxidation (e.g., Cu);“’("1 however, this is unneces-
sary if the Cu film is sufficiently thick. Thus, the impact of a thin
CuO, layer (<1um) on THz wave propagation was found to be
negligible, regardless of its thickness. Therefore, we conclude that
Cu is a more suitable material than Au for THz application.

VI. REMARKS ON CU DEPOSITION

We identified Cu as the optimal material; an appropriate dep-
osition method for fabrication of metal-coated dielectric THz wave-
guides is thus required. We previously showed that high-quality
films reduced the critical film thickness and also suppressed propa-
gation loss in films thicker than the critical thickness.
Consequently, the Cu film must cover the entire surface of a THz
waveguide; losses will occur in regions of insufficient thickness.
This is not simple; a waveguide has already narrow (submillimeter-
scale) features and a high aspect ratio, which makes harder for
waveguide integration with other passive devices such as antennas,
filters, and resonators for even higher aspect ratio. Therefore, the
requirements for deposition are as follows: a high-quality film that
is uniformly deposited onto narrow high aspect ratio features.
Although electroplating is currently used for THz waveguide fabri-
cation (in part because of the high deposition rate), the propagation
loss is not necessarily small. The films may be of poor quality and
show low conformality. Although the very thick (500-1000 nm)
electroplated Au and Cu films employed in past studies may have
been reasonable (given the large critical film thicknesses), a low
propagation loss was not expected because the films were of poor
quality. High quality and conformality are the primary require-
ments of Cu deposition, and a deposition rate lower than that of
electroplating is acceptable because the critical film thickness is
reduced by higher film quality. The leading candidate methods are
chemical vapor deposition, atomic layer deposition, and supercriti-
cal fluid deposition.'” >’

VII. CRITICAL FILM THICKNESSES IN OTHER
WAVEGUIDE GEOMETRIES

Next, we investigated the generalities of the two key parame-
ters for determining waveguide performance in the THz region—
critical film thickness and the propagation loss of a film of thick-
ness greater than the critical thickness—for other geometries,
including RWGs and circular waveguides (CWGs). The propaga-
tion loss in a film thicker than the critical film thickness was
explored as follows. The propagation loss of a metal-coated wave-
guide with a film thicker than the critical film thickness approxi-
mates that of a metallic waveguide. The propagation loss of such a
waveguide depends on the geometry. All relevant geometries are
general solutions of the Maxwell-Boltzmann equation; they do not
involve bouncing waves. Hence, the propagation loss in films
thicker than the critical film thickness in other geometries can be
estimated without the losses that we obtained experimentally. Only
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the bulk conductivity, waveguide size, and frequency are relevant.
We now discuss the generality of critical film thickness. As this
thickness is determined in the THz region by the ohmic loss
alone,”” it can be calculated from the thickness-dependent conduc-
tivity. Note that this is true only in the THz region; the critical film
thickness is not determined by thickness-dependent conductivity
in the GHz region. In this context, the propagation losses (func-
tions of conductivity and frequency) of metallic RWGs, CWGs,
and PPWGs” in the THz region should be modified by introduc-
ing thickness-dependent conductivities. The propagation losses of
such geometries have been described elsewhere.”” The propagation
loss of an RWG in TE;, mode can be expressed as follows:

R
ORWG(TEyy) = leﬁn (2br* + a’kP), (7)

whereas the propagation loss of a CWG in TE;; mode can be
expressed as follows:

OCWG(TE,,) = R K +LZ , (8)
kB \¢ 0 2.39

and the propagation loss of a PPWG in TE; mode can be expressed
as follows:

2Kk2R;

*Bnd" ©)

OPPWG(TE,) =

All parameters are explained in Table S1 in the supplementary
material; a and b (a > b) are the inner dimensions of the rectangu-
lar waveguide opening, r is the inner radius of the circular wave-
guide, & is the gap distance of the parallel plate, k is the wave
number, k, is the cutoff wave number, j is the propagation cons-
tant, and R; is the surface resistivity of metals; the important
factors for determining the two key parameters are k, 3, and R,
where k and S are functions of frequency, while R; is a function of
both frequency and conductivity, which is the only parameter that
includes the bulk electrical conductivity (oy;) in Egs. (7)-(9); it
can be expressed as follows:

R = |2 (10)

Oo,b

where 1, is the permeability of the bulk metal. Substitution of the
thickness-dependent conductivity (coy) determined by Eq. (4) into
0y, allows us to anticipate the propagation loss depending on film
thickness, thus estimating the critical film thickness. From Egs. (7)
to (9), the propagation losses of the RWG, CWG, and PPWG are
proportional to R;, which is inversely proportional to the square
root of oo Thus, for each of these waveguides, propagation loss is
inversely proportional to the square root of oy the relative propa-
gation loss depending on film thickness is equivalent, regardless of
the geometry. Because the critical film thickness is defined to have
a loss 10% larger than the loss of a 500-nm-thick film, it remains
constant regardless of geometry. Thus, the critical film thicknesses

ARTICLE scitation.org/journalljap

for the PPWG are equivalent between the RWG and CWG in the
THz region.

VIIl. CONCLUSIONS

In this study, we investigated suitable metals for coating
dielectric THz waveguides, focusing on Au, Cu, Ag, Al, Ni, Cr, and
Ti. We evaluated two key parameters for screening metal coat-
ings—critical film thickness and propagation losses for a film with
a thickness greater than the critical thickness. We compared experi-
mental observations to calculations obtained using our previously
developed physical model. Multi-channel, metal-coated dielectric
PPWGs were selected as test structures. The transmittances of
2.5- and 5.0-mm metal-coated PPWGs with different film thick-
nesses were experimentally measured, and the propagation loss
according to thickness was determined. The thickness-dependent
conductivities of the metals were experimentally determined, and
the propagation losses depending on film thickness were then sim-
ulated by the model using the thickness-dependent conductivity
results. The good match between the observed and calculated
propagation losses of the Au, Cu, Ni, Cr, and Ti demonstrated the
generality of the model for different metals. The metals were next
compared in terms of the two key parameters estimated by the
model, assuming identically high film quality. Ag and Al were also
examined. Cu was ultimately recognized as the most suitable metal,
i.e., that with the lowest critical film thickness and comparable loss
in a film thicker than the critical thickness (with Ag has the small-
est value). The critical film thickness depends on film quality
(thickness-dependent conductivity in the present case), as does the
propagation loss within a film thicker than the critical film thick-
ness. As the differences between the two key parameters were not
large among Ag, Au, and Al; they could be used if creating such
high-quality films are attainable while creating high-quality Cu
films are unreachable. Not only the intrinsic properties of metals
but also their deposition methods and conditions affect film
quality. Conformality must also be considered; THz waveguides
have narrow (submillimeter-scale) features and a high aspect ratio.

Although Cu is considered to be a suitable material, it is
prone to native oxidation, which can degrade waveguide perfor-
mance. Therefore, we experimentally examined the impact of the
CuOx layer on Cu-coated PPWGs. The transmittances of PPWGs
with CuOy layers of various thicknesses (1.5-7.2nm) created by
annealing were measured. We detected no decrease in transmit-
tance, regardless of the presence of a CuOy layer; thus, native
CuOy, which typically has a thickness of <10 nm even after several
years at room temperature, had a negligible impact on transmit-
tance. The impact of a very thick CuOy layer (35-176 nm) on
transmittance was investigated by sputtering CuOx onto Cu film;
the transmittance decrease was also negligible in this experiment.
The impact of the CuOy layer on the propagation loss was further
investigated using the extended physical model. The impact of a
1-um-thick CuOy layer on propagation loss in Cu-coated PPWGs
was found to be negligible, regardless of its oxidation state. The
impact of CuO, layer thickness was further analyzed, and the
results showed that the effect of CuO, was negligible at a thickness
of <1um, under the assumption that the Cu film underlying the
CuOx layer is not sufficiently thin to alter its conductivity. If the
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Cu film is thinner than the critical film thickness, the ohmic loss
will increase during the native oxidation. Therefore, the thinning of
Cu film by native oxidation should be considered when designing
Cu-coated waveguides. Finally, Cu was identified as the most suit-
able metal for coating dielectric THz wave devices.

We also investigated the generality of the critical film thick-
ness obtained for PPWGs to other waveguide geometries by deter-
mining the propagation losses (a function of conductivity and
frequency) of metallic RWG and CWG, using thickness-dependent
conductivity as input. The critical film thicknesses obtained using
PPWGs were equivalent to the thicknesses of RWG and CWG,
regardless of waveguide geometry. This method was only feasible
for frequencies >0.3 THz, where penetration loss could be
neglected. The results confirmed the generality of the critical film
thickness for designing metal-coated dielectric THz RWG and
CWG devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the cross-
sectional images of metal films, transmittances, and propagation
losses of fabricated metal-coated PPWG.
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