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ABSTRACT: We have designed an integrated device that couples input and
output coaxial horn antennas with a self-assembled helical slow-wave structure
cradled in a v-groove on a silicon-on-insulator wafer. These devices will
potentially enable the characterization of cold parameters and beam-wave
interaction in slow-wave structures on a wafer level, i.e., without having to dice
and package individual devices. In addition, such vertically integrated antennas
and helical slow-wave structures may form the basis of compact and low-cost

traveling-wave tube amplifiers operating at THz frequencies.

B INTRODUCTION

Traveling-wave tube amplifiers (TWTAs) play a crucial role in
applications demanding high power, efficiency, bandwidth, and
linearity."” Within a TWTA, a traveling wave confined to a
helix-like slow-wave structure (SWS) undergoes amplification
through energy exchange with an electron beam. Various
applications, including high-speed communications, electronic
warfare, and research instrumentation, require scaling TWTAs
to operate in the THz range of the electromagnetic
spectrum.’~ However, the development of TWTAs for THz
frequencies presents several challenges,”’ including the
integration of suitable slow-wave structures (SWSs) with
couplers of THz radiation, which is the focus of this work. The
characterization and operation of an efficient TWTA require
matching input and output structures (couplers) of electro-
magnetic radiation to the SWS over the desired frequency
band. These couplers play a pivotal role in efficiently
transmitting radio frequency (RF) signals to and from the
SWS. Achieving minimal transmission loss and reducing the
reflection of high-frequency signals in TWTAs necessitates a
precise match between the SWS and the coupling system.
Therefore, the development of structures that facilitate efficient
coupling of electromagnetic waves into and out of the helix is
vital for TWTAs. Depending on the system requirements, the
input and output couplers can be of the coaxial or waveguide
type. Coaxial couplers offer wide bandwidths, but the typical
average power capability is limited. A waveguide-type coupler
can achieve good transmission in a narrow bandwidth with
high-power output microwave radiation. Therefore, max-
imizing the average power capability and the bandwidth of
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the couplers is an unresolved challenge. Various coupler
structures have been reported.®”'” Srivastava et al."> designed
input and output couplers for a space helix TWTA. The input
coupler consists of a coaxial design, while the output coupler
comprises a standard rectangular waveguide (WR-7S) and a
coaxial coupler to accommodate high output power. Both the
input and output couplers exhibited a return loss better than
—20 dB across the operating band of 10.9—11.7 GHz. Another
study optimized a coaxial coupler as the output for a helix
TWTA,"" achieving an optimized Voltage Standing-Wave
Ratio (VSWR) better than 1.5 within the frequency range of
6—18 GHz. In these investigations, the input and output
coaxial couplers included components such as windows,
impedance transformers, and a transition to a subminiature
version A (SMA) connector. It is noteworthy that these
previously reported couplers must be assembled with helical
SWSs fabricated on a separate substrate. Such a design
introduces complexity in implementation and potentially
contributes to increased loss. Additionally, none of these
efforts outlined above examined structures for operation at
THz frequencies, where the cross-sectional dimensions of a
TWTA range from a few micrometers to a few tens of
micrometers. To our knowledge, the monolithic integration of
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couplers with SWSs for T-waves using scalable processes has
not been investigated extensively or demonstrated.

Our previous publications show that self-assembled
conductive helices (SACHs) are promising SWSs for
millimeter-through-THz TWTAs.”>™" In this paper, we
engineer integrated SACHs with couplers of THz radiation
on a single substrate. The proposed design may form the basis
of a compact TWTA operating at THz frequencies and
intended for use in applications requiring high gain and high
output power, such as radar systems, communication satellites,
electronic countermeasures, and other warfare systems.””*"*!
Our design includes a SACH fabricated in a v-groove on the
front surface of a silicon-on-insulator (SOI) wafer while
incorporating input and output coaxial horn antennas on the
backside of the same substrate. This geometry will potentially
facilitate the characterization of cold parameters and beam-
wave interaction in SWSs on a wafer level, thereby eliminating
the need to dice and package individual devices for testing.
The structures are designed and optimized using CST
Microwave Studio (CST-MS). The simulation results predict
an insertion loss exceeding —S dB and a reflection coeflicient
better than —10 dB across the frequency range from 600 to
700 GHz, with approximately 32% of the incident signal
transmitted through the SWS at the desired frequency of 650
GHz. The simulated structures can be fabricated based on
established semiconductor industry techniques in combination
with the self-assembly of metal ribbons into helical structures.
This methodology is feasible on large-area SOI wafers,
enabling parallel processing of multiple integrated devices.

B RESULTS AND DISCUSSION

Figure 1 illustrates the proposed device for operation within
the THz frequency range. The structure consists of three parts:
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Figure 1. Simulated 3-D structure of coaxial horn antennas integrated
with a self-assembled helix. (a) Top view; (b) cross-sectional view;
and (c) perspective view from the bottom of the Si handle wafer.

two coaxial horn antennas integrated with a self-assembled
helical SWS on a SOI platform. The horn antennas are on the
backside of the Si substrate or Si handle wafer. Notably, the
horn antennas serve as couplers for the SWS, facilitating
injection and collection of THz waves in and out of the helix.
The two ends of the helical ribbons extend through the middle
of the horn antennas, forming coaxial-like horn structures with
a rectangular inner conductor. The cavities of the horn
antennas are filled with a dielectric polymer material, i.e., SUS,
with a relative permittivity of 3.5 and a loss tangent of 0.0027.
The filler improves the stability of the inner conductor of the

coaxial horn antennas during further fabrication steps,
handling, and operation. The horn geometries can be realized
in Si by anisotropic etching of the Si substrate in an alkaline
solution, such as KOH.**** This process, which will be
detailed later in the manuscript, sets constraints on the
thickness of the Si handle wafer, H, and the lateral sizes of the
large and the small apertures (W, and Wg,), as specified by eq
1, derived in the Supporting Information,

Wy = Wi, — 2c0t(54.74°) X H (1)

The device in Figure 1 was modeled and simulated in CST-
MS by a frequency-domain solver that uses a tetrahedral mesh.
In our simulations, the helix is suspended in free space.
Specifically, the helix is not in direct contact with any
conductive material above or around it. The purpose of this
arrangement is to ensure that the helix operates in an
environment free from conductive interference, which could
affect the simulation results. Beneath the helix, there is a layer
of SiO, with a thickness of 1 gm. This SiO, layer is positioned
at a distance of 4 um below the helix. We optimized the
meshing steps as D, ,. = p/8, where p is the pitch of the helix,
to capture accurately the geometry of the helix and minimize
simulation time.

The simulated SWS was formed by a metal tape helix with a
conductivity of 4.561 X 10 S/m, i.e., the value reported for Au
in the CST-MS library. In this study, we assumed a zero RMS
surface roughness for the helical tape. The geometrical
parameters of the helix, the substrate, and the coaxial horn
antennas are listed in Table 1. The cross-sectional areas of the

Table 1. Parameters of the Simulated Structure

diameter of the  pitch of the tape tape length of the
helix, D helix, p width, W thickness, h helix, L
40 pm 40 pym 24 uym 3.0 ym 1000 gm
area: large area: small

thickness:  thickness:  thickness:
Si handle buried Si device
wafer, H  SiO, layer layer

aperture of the
horn antenna
(Wia X Wia)

250 X 250 pm?

aperture of the
horn antenna
(Wsa X W)

140 pm 1.0 ym 50 pum 50 X 50 pm?

inner conductors, the areas of the small and large apertures of
the antennas, the tapering of the horn, and the thickness of the
metal coating on the sidewalls of the horns were optimized by
a parametric sweep in CST-MS to achieve high coupling
efficiency between the SWS and the antennas at 650 GHz.
Figure 2 shows the magnitude of the simulated reflection and
transmission coeflicients versus frequency, denoted as IS;;| and

Transmission and
Reflection Coefficients (dB)

600 620 640 660 680 700
Frequency (GHz)

Figure 2. Magnitude of the simulated reflection (IS;,l) and
transmission (IS,;1) coefficients of the device. The incident and
reflected powers are measured at port 1. The transmitted power is
measured at port 2.
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Figure 3. Cross-sectional schematic diagrams of the device at selected stages of the fabrication process. All dimensions were determined from
simulations. (a) SOI with layer thicknesses (top to bottom) S ym Si, 1 ym oxide, 140 gm Si handle. (b) Etch mask formation. (c) Mask patterning.
(d) After KOH etching, the bottom antennas are metallized. (e) SUS is used to fill the back cavity. (f) A through-hole is formed and coated with an
electroplatable metal, e.g., Au. (g) A metal strip is formed by electrodeposition, connecting the top and bottom etched structures. (h) The contact
pads and helix arm trenches are defined with photolithography, followed by Ge and then Au deposition. (i) Lift-off removes the excess Ge/metal.
(j) A helical SWS is formed by selectively etching the Ge layer. Thicknesses and lateral dimensions are not to scale.

[S,,, respectively. The simulation calculated an insertion loss
exceeding —5 dB and a reflection coefficient better than —10
dB across most of the frequency range from 600 to 700 GHz.
Approximately 32% of the incident signal is transmitted
through the slow-wave structure (SWS) at the target frequency
of 650 GHz, while only ~8% of the incident signal is reflected.
These results validate the efficacy of the coaxial horn antennas
in coupling the THz radiation in and out of the helical SWS.
We speculate that insertion losses are due to the radiation of
the electromagnetic energy into free space and the dissipation
of electromagnetic power in the metal helix. Additional studies
are required to confirm our hypothesis and will be published
elsewhere, as the focus of this work is the integration of
efficient couplers of THz radiation with the helical SWS.

The device in Figure 1 can be fabricated via a combined top-
down/bottom-up process on a commercially available silicon-
on-insulator (SOI) wafer (see Figure 3). In this process, the
bulk (or handle) Si substrate in the SOI is thinned via grinding
from the backside to the handle wafer thickness determined
from simulations (Figure 3a). The front and the back side of
the SOI wafers are then thermally oxidized. Subsequently, a
silicon nitride film is deposited onto the thermally grown SiO,
to form a bilayer hard mask (Figure 3b). Square openings are
patterned in the oxide/nitride bilayers of the back side of the Si
handle wafer using conventional top-down patterning
techniques (Figure 3c). The cross-sectional areas of these
windows match the size of the optimal large aperture of the
coaxial horn antennas, ie, 250 X 250 um* (Figure 3c). A
rectangular window is also fabricated in the front-Si hard mask.
The unprotected Si handle wafer and Si device layer are
anisotropically wet etched in potassium hydroxide (KOH) to
define the shape of the coaxial horn antennas and the groove
that will cradle the SWS after its fabrication. The Si;N, mask is
removed in an H,PO, solution, and the trenches on the back
side of the SOI wafer are metalized to a film thickness of 10
um with a combination of thin-film deposition and electro-
plating (Figure 3d). Note that the bottom of the pyramid is
masked (using either a direct mask or photoresist and lift-off)
to prevent metal deposition in the region that will eventually
be in contact with the central metal strip. The backside cavity
is filled with a dielectric polymer (i.e,, SU8) via spinning the

35975

polymer and photolithographic masking and etching to remove
the remaining material surrounding the cavity (Figure 3e). A 3
pum X 24 pum through-hole is formed between the backside and
frontside etched regions using photolithography and etching of
the SU8. The SU8 serves as a mask for Cl- and F-based
reactive ion etching of the oxide layer. Metal is introduced into
the trench via physical vapor deposition to generate a seed
layer (Figure 3f) for electroplating, forming the Au strip
(Figure 3g). The helix is fabricated by the release of patterned
metal strips on the front side of the SOI wafer (Figure 3h). For
this purpose, a sacrificial Ge layer is deposited over patterned
photoresist (PR), followed by the deposition of a stressed
metal layer. Lift-off removes the excess Ge and metal, leaving
behind a pattern that typically includes large pads or a wide
frame (Figure 3i). The helical SWS is fabricated on the front
side of the wafer, according to the methods already disclosed in
ref 1. Here, the Ge is selectively etched in either hot water or
H,0,, causing the metal strip to curl and twist, forming a helix
(Figure 3j).

Figure 4 shows a top-view schematic diagram of a proposed
device before and after the release of a metal strip anchored to
large-area pads. Metal strips on a Ge sacrificial layer can be
fabricated by photolithography, physical metal deposition, and
lift-off. During deposition, a residual stress gradient builds up
across the thickness of the metal film. The two narrow metal

(a) (b)

Metal strip/Ge
(Top-view)

SiO,/Si SiO,/Si

Metal pad/Ge
(Top-view)

Helical SWS
Top-view

Figure 4. Schematic diagrams showing the structure and layers of the
helical SWS coupled to an input and an output antenna. (a) This view
shows the arms and contact pads that were defined in Figure 3h,i in
relation to the top-side trench and the input and output antennas. (b)
After the Ge is selectively etched, the Au arm strips relieve stress by
curling into a helix.
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strips in Figure 4a form an angle 8 and are connected to large-
area islands or pads. The metal strips release and self-assemble
into a helix as the Ge sacrificial layer is selectively etched. Self-
assembly results from the relaxation of the residual stress in the
metal, which drives the film to bend out of the plane of the
substrate surface. The fabricated helix cradles into the trench
fabricated on the front side of the SOI wafer with its two
tethered ends aligned with the coaxial horn antennas on the Si
handle wafer (see Figure 4b). The diameter of the helix is
controlled by the stiffness of the metal strips and the stress
profile across their thickness. The pitch of the helix for a given
diameter is determined by the angle, @, between the two strips.
Additional details on the fabrication of conductive helices by
guided self-assembly of metal strips or ribbons are reported in
our previous works."* "

Bl CONCLUSIONS

We have reported the design of a helical slow-wave structure
with integrated couplers of THz radiation. The device
geometry is optimized to operate at 650 GHz via numerical
simulations, but the structure can be scaled for operation at
different millimeter-through-THz frequencies. The novelty of
the architecture is in the use of coaxial horn antennas as
couplers and their integration with a self-assembled helical
slow-wave structure (SWS) on the same Si wafer. This device
eliminates the need for assembly of couplers and SWSs
fabricated on different supports, which increases the loss and
reduces the reliability and stability of operation over time.
Simulation results provided an insertion loss exceeding —5 dB
and a reflection coefficient better than —10 dB between 600 to
700 GHz, with approximately 32% of the incident signal
transmitted through the SWS at the target frequency of 650
GHz. In addition to demonstrating transmission of the THz
waves via a computational study, we have laid out a path to the
fabrication of the devices based on widely established top-
down techniques in the semiconductor industry in combina-
tion with the self-assembly of metal ribbons into helical
structures. The approach is realizable on a large-area Si wafer
for parallel processing of multiple integrated devices.
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