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FIG. 2D
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1
TRAVELING WAVE TUBE AMPLIFIER
HAVING A HELICAL SLOW-WAVE
STRUCTURE SUPPORTED BY A
CYLINDRICAL SCAFFOLD

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
DE-FG02-03ER46028 awarded by the US Department of
Energy and under FA9550-19-1-0086 awarded by the
USAF/AFOSR. The government has certain rights in the
invention.

BACKGROUND

A traveling wave tube (TWT) is a beam-wave structure
enabling interaction between an energetic beam of electrons
and an electromagnetic (EM) wave to transfer energy from
the electron beam to the EM wave for amplification. TWTs
are used as compact, high-gain, high-power sources of
high-frequency radiation in applications such as wireless
communications, biomedical imaging, and radar. Central to
the amplification process is a slow-wave structure (SWS)
that matches the phase velocity of the EM wave to that of the
electron beam; this structure is some form of meander
transmission line or, more commonly, a conductive helix.
The slow-wave structure conducts the traveling EM wave
along a pathway whose total length is greater than the axial
dimension along which the electron beam travels; thus, the
component of the EM wave velocity along the axial dimen-
sion matches that of the electron beam.

Conventional TWT structures use a wire helix whose
dimensions are limited by the smallest gauge wire available,
the ability to wind the helix with precision, the ability to
support the helix to keep it aligned with the electron beam,
and the ability to handle and assemble the helix into the
structure. Other methods for manufacturing helical SWSs
rely on high-precision laser manufacturing and wafer bond-
ing. Unfortunately, these methods are not easily scalable to
micro-scale dimensions (and thus higher frequencies) and
are not mass-producible on inexpensive and large-area sub-
strates.

SUMMARY OF THE INVENTION

TWT amplifiers and methods for making SWSs for TWT
amplifiers are provided.

One embodiment of a traveling wave tube amplifier
includes a slow-wave structure that includes: a cylindrical
scaffold comprising a dielectric film, the cylindrical scaffold
having an interior surface; and an electrically conductive
helix on the interior surface of the cylindrical scaffold, the
electrically conductive helix comprising a plurality of elec-
trically conductive strips connected end-to-end; an electron
gun positioned to direct one or more beams of electrons
axially through the electrically conductive helix or around
the periphery of the electrically conductive helix; and an
electron collector positioned opposite the electron beam
source.

One embodiment of a method of making a slow-wave
structure includes the steps of: forming a dielectric support
membrane on a device substrate; forming a sacrificial film
on a portion of a surface of the dielectric support membrane;
forming a scaffold film comprising a strained dielectric
material on a portion of a surface of the sacrificial film;
forming a plurality of parallel, electrically conductive strips
on the scaffold film, each of the electrically conductive strips
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2

having a leading end and a trailing end, wherein an edge of
the scaffold film or the trailing ends of the electrically
conductive strips are attached to the dielectric support
membrane; selectively removing the sacrificial film under-
lying the scaffold film, wherein the scaffold film relaxes and
rolls into a cylinder, bringing the electrically conducting
strips into an end-to-end arrangement that forms a helix on
an interior surface of the cylinder; electroplating the surface
of'the helix with an electrically conductive material; forming
a first electrically conductive contact in electrical commu-
nication with a first end of the helix; and forming a second
electrically conductive contact in electrical communication
with the second end of the helix.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review
of the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Illustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIG. 1 is a schematic diagram of one embodiment of a
TWT amplifier.

FIGS. 2A-2K illustrate one embodiment of a method for
fabricating a SWS for a TWT amplifier.

DETAILED DESCRIPTION OF THE
INVENTION

TWT amplifiers and methods for making SWSs for TWT
amplifiers are provided. The SWSs include helical conduc-
tors that are self-assembled via the release and relaxation of
strained films from a sacrificial growth substrate. The self-
assembly methods enable wafer-level fabrication of SWSs
having very small diameters, including micron-scale diam-
eters that enable the amplification of terahertz signals.

The basic components of one embodiment of a TWT
amplifier are shown in FIG. 1. The components include an
electron gun 102, positioned to direct an electron beam 104
along an axis 106 through an SWS comprising an electri-
cally conductive helix 108 that spirals around axis 106.
Electron gun 102 is composed of a control anode 110, a
control grid knot shown), and a cathode 114. The TWT
amplifier further includes a signal input coupler 116 that
introduces an EM signal into helix 108 and a signal output
coupler 118 that receives the amplified EM signal from helix
108. Steering magnets 120 or electric fields are arranged
around helix 108 to focus and steer electron beam 104, and
an electron collector 122 is positioned along axis 106,
opposite electron gun 102, to remove the unused electron
beam energy. Helix 108 is housed in a vacuum housing 124.
An attenuator (not shown) may also be provided along the
path of the electron beam to isolate the input and output.

When electron beam 104 is emitted from electron gun 102
and accelerated toward electron collector 122, the electrons
are in close proximity to the propagating EM wave. The
electron beam is directed along the axis of the helix either
through the center of the helix or outside of the helix. In
some embodiments, multiple electron beams (“beamlets™)
are used. These beamlets are directed in circular pattern
around the periphery of the helix. The conductive helix
slows the axial phase velocity of the EM wave to, or below,
the speed of the electrons in the beam. The kinetic energy in
the electron beam is coupled into the EM wave, thereby
amplifying the EM wave.
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FIGS. 2A-2K illustrate an embodiment of one method of
making the SWS for the TWT amplifier of FIG. 1, with a
detailed drawing of the final SWS in FIG. 2K. The process
begins with a device substrate, as shown in FIG. 2A. If the
device substrate 202 is to be retained as part of the final
TWT amplifier, it should be composed of a high resistivity
material in order to avoid or minimize signal loss, particu-
larly at high frequencies. Alternatively, if device substrate
202 will ultimately be removed from the amplifier, device
substrate 202 should be made of a material that is able to be
selectively removed from the structure. Silicon is an
example of a suitable substrate material because silicon can
be made with high resistivity using, for example, the float
zone process and because silicon can be selectively etched
using known wet or dry etching techniques.

Next, a support membrane 204 is formed on at least a
portion of the surface of device substrate 202 (FIG. 2B).
Support membrane 204 is so called because support mem-
brane 204 is a relatively thin layer of material that will
eventually support the SWS, as described in more detail
below. Support membrane 204 is composed of a dielectric,
high-resistivity material in order to avoid signal loss. Sup-
port membrane 204 can be formed using, for example,
chemical vapor deposition, which allows the membrane to
be grown to a desired thickness. The thickness of the
membrane is not critical, provided that the thickness allows
for adequate heat dissipation and structural support. By way
of illustration, suitable support membrane thicknesses
include those in the range from sub-micron (e.g., 500 nm to
1 um) up to 20 pm. Optionally, support membrane 204 can
be mechanically polished or coated with a smoothing layer,
such as spin-on-glass, in order to facilitate the deposition of
overlying conductive layers with low surface roughness.

The support membrane is desirably thermally conductive
in order to facilitate the dissipation of heat generated by the
SWS. However, the requirement for thermal conductivity
will depend, at least in part, on the power output of the TWT;
a lower power output will generally require a lower thermal
conductivity. Diamond and silicon nitride (Si;N,) are
examples of low-loss materials that can be used for the
support membrane. Because diamond has a higher thermal
conductivity, diamond may be a better choice for high-
power applications.

A layer of sacrificial material, referred to herein as a
sacrificial film 206, is then formed over at least a portion of
the surface of support membrane 204 (FIG. 2C), and a
strained scaffold film 208 is formed on at least a portion of
the surface of sacrificial film 206 (FIG. 2D). Sacrificial film
206 is so called because sacrificial film 206 will ultimately
be selectively removed from the structure, thereby releasing
overlying scaffold film 208. Scaffold film 208 is so called
because scaffold film 208 is a relatively thin layer of material
that self-assembles into a cylindrical support structure (i.e.,
a scaffold) upon release from sacrificial film 206, as
described below. Scaffold film 208 is composed of a dielec-
tric material, which may be, but need not be, the same
dielectric material from which support membrane 204 is
fabricated and which may be, but need not be, thermally
conductive. The selection of the sacrificial film material and
the selection of the scaffold film material will be interde-
pendent, as it must be possible to selectively remove (e.g.,
etch) the sacrificial layer from the structure. Examples of
suitable scaffold film materials includes silicon nitride
(Si5N,), silicon oxide (SiO and/or SiO,), aluminum oxide
(AL,O;), and diamond, for which germanium, germanium
oxide, silicon, or a photoresist could be used as the sacrificial
film material. Germanium and germanium oxide can be
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selectively removed with H,O and H,0O,, which dissolve
both of these materials. XeF, can be used for the selective
etching of germanium, germanium oxide, and silicon. Pho-
toresists can be selectively removed with acetone.

Scaffold film 208 is characterized by a film length 210
between a leading edge 211 and a trailing edge 212. Film
length 210 is chosen such that, upon release from sacrificial
film 206, scaffold film 208 relaxes and rolls into a cylindrical
tube with leading edge 211 abutting trailing edge 212.
However, leading edge 211 need not come into perfect
abutment with trailing edge 212; a small amount of edge
overlap or a small gap between the leading and trailing edges
is permissible. Film length 210 will depend upon the desired
diameter of the SWS. The thickness and strain in scaffold
film 208 can be tailored to provide the desired SWS diameter
for a targeted frequency. By way of illustration only, a
diamond scaffold film having a thickness in the range from
about 10 nm to about 20 nm grown on a germanium or
photoresist sacrificial layer could provide a tube having an
inside diameter in the range from about 0.5 um to about 2
um. By way of further illustration, a silicon nitride scaffold
film having a thickness in the range from about 20 nm to
about 40 nm grown on a germanium sacrificial layer could
provide a tube having an inside diameter in the range from
about 1 um to about 5 um and a silicon nitride scaffold film
having a thickness of about 250 nm grown on a germanium
sacrificial layer could provide a tube having an inside
diameter of about 30 um.

A plurality of parallel electrically conductive strips 214 is
then formed on scaffold film 208 (FIG. 2E). The electrically
conductive strips will typically be metal strips, such as gold
strips. However, other electrically conductive and electro-
platable materials, such as copper or silver, can be used.
Electrically conductive strips 214 are characterized by a
strip length 216 between a leading end 217 and a trailing end
218. Strip length 216 is chosen such that, when scaffold film
208 is rolled into a cylindrical tube, electrically conducting
strips 214 are brought into an end-to-end arrangement that
forms an electrically conducting helix on the interior surface
of the cylindrical tube, as discussed in more detail below. In
the end-to-end arrangement, the leading end of each strip
desirably abuts or slightly overlaps the trailing end of the
neighboring strip, such that each strip forms one turn of the
helix. It is acceptable for a small gap to exist between the
leading and trailing edges of the strips. Such gaps can be
filled by a subsequent electroplating step, as described
below. In some embodiments of the TWT amplifiers, trailing
ends 218 of electrically conductive strips 214 are attached to
support membrane 204, such that the SWS remains tethered
to the support membrane along the long edge thereof after
the release of scaffold film 208 from sacrificial film 206.
Alternatively, trailing edge 212 (FIG. 2D) of scaffold film
208 can be attached to support membrane 204 to tether the
SWS to the support membrane.

Electrically conductive strips 214 should be thin enough
that electrically conductive strips 214 do not interfere with
the rolling of scaffold film 208 upon the release of scaffold
film 208 from sacrificial film 206. By way of illustration,
electrically conducting strips 214 will typically have thick-
nesses in the range from 2 nm to 50 nm. The width and pitch
of the strips can be selected to provide a helix with the
desired EM wave propagating properties. Both the thickness
and the width of the strips can be increased by electroplating
after the self-assembly of the cylindrical tube.

Electrically conductive contacts 213, 215 can be depos-
ited when electrically conductive strips 214 are deposited.
Alternatively, electrically conductive contacts 213, 215 can
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be formed at an earlier or later stage of the process.
Electrically conductive contacts 213, 215 may be composed
of the same material as electrically conductive strips 214 or
a different material. These contacts 213, 215 can act as the
signal input coupler 116 and the signal output coupler 118 as
shown in FIG. 1 or they can provide a connection to the
signal input and output couplers.

FIG. 2F illustrates a set-up that can be used for the
subsequent electroplating of a metal onto the electrically
conductive strips 214 in a helix. The set-up includes a
patterned plating seed 220 that provides a low-resistance
path from a current source to electrically conductive strips
214. In the embodiment shown here, plating seed 220
includes a plurality of contact lines 222 in electrical com-
munication with electrically conductive strips 214. How-
ever, plating seed 220 could be placed at different locations
on the exposed surface of support membrane 204, provided
plating seed 220 does not cover the locations where sub-
strate etch gaps (discussed below) are to be placed. Plating
seed is formed from an electrically conductive material, such
as aluminum, that can be selectively removed (e.g., etched
or dissolved) from support membrane 204. In addition, the
outer surface of the material of the plating seed that is in
contact with the plating solution (i.e., not the portion of the
surface in contact with the conductive strips) is desirably
one that is resistant to plating by the metal to be electro-
plated onto the helix. For example, an aluminum plating
seed whose surface in contact with the plating solution may
be oxidized to resist plating or a plating seed of another
metal, such as copper could be coated with aluminum oxide
to resist plating by gold. Virtually any metal can be used,
provided the exposed surfaces of the metal are electrically
insulated from the plating solution and that both the metal
and the electrical insulation of the metal can be selectively
removed from the structure after the electroplating process
is complete.

Optionally, at least some of sacrificial film 206 and
scaffold film 208 can be removed between electrically
conductive strips 214 to form electroplating gaps 224 that
will allow the electroplating solution to move more freely
around the helix during the electroplating process, as illus-
trated in FIG. 2G. In addition, for embodiments of the TWT
amplifiers in which the SWS is to be suspended over device
substrate 202, portions of support membrane 204 may be
removed between electrically conductive strips 214 and/or
contact lines 222 to form etch gaps 226 (FIG. 2H). Etch gaps
226 allow an etchant to selectively etch away the material of
device substrate 202 underlying the helix in a subsequent
etching step.

Next, sacrificial film 206 is selectively etched to release
scaffold film 208, whereby strain release in scaffold film 208
causes scaffold film 208 to roll into a cylinder, bringing
electrically conducting strips 214 into an end-to-end
arrangement that forms an electrically conductive helix 228
(FIG. 2I) on the interior surface of the cylinder. The strain
in scaffold film 208 comprises a biaxial or uniaxial strain
gradient across the thickness of the film that causes the film
to roll upward. The strain gradient can be imparted to the
scaffold film in a variety of ways. For example, sacrificial
film 206 can be composed of a material that imparts a
compressive strain to a scaffold film that is grown thereon.
Alternatively, a thermal-expansion mismatch between sac-
rificial film 206 and scaffold film 208 could provide the
requisite strain gradient. In some embodiments of the
devices the strain gradient is engineered into the scaffold
film by tailoring the deposition parameters during its
growth.
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In helix 228, each electrically conductive strip 214 (FIG.
2H) provides one turn of the helix. The formation of the
electrically conductive helix 228 is illustrated in FIG. 2I.
Scaffold film 208 is not shown in FIG. 21 so that the structure
of helix 228 can be seen.

The helix is then electroplated to increase the thickness of
the electrically conductive strips from which the helix is
constructed and also to fill in any gaps between the leading
and trailing ends of the strips to provide a continuous helical
structure. Helix 228 can be electroplated with a metal that is
the same as, or different from, the metal used to form
electrically conductive strips 214. Electroplating is carried
out by immersing helix 228 in an electroplating solution and
creating a voltage difference between plating seed 220 and
a counter electrode (not shown) to induce metal ions in the
electroplating solution to deposit onto the surface of helix
228.

Increasing the thickness of the helix via electroplating
may provide better heat transfer and lower signal loss for the
TWT amplifier and also allows for the tailoring of the signal
propagating properties (e.g., operating frequencies) of the
SWS, whereby smaller inner-diameter wave tubes amplify
higher-frequency signals. By way of illustration only, the
plating material can be deposited to thicknesses of up to 10
um or even greater, including plating material thicknesses in
the range from 30 nm to 10 um. Using the self-assembly and
electroplating processes described herein, SWSs capable of
amplifying terahertz signals with frequencies in the range
from 0.3 THz to 3 THz can be fabricated. Once the elec-
troplating is completed, plating seed 220 can be removed
(FIG. 2J). If the electroplating seed is made from aluminum,
this can be accomplished by etching in a piranha solution or
commercially available aluminum etchants.

Optionally, device substrate 202 can be partially or
entirely removed from the TWT amplifier using, for
example, a mechanical polish, wet or dry etching, or a
combination thereof. Removing device substrate 202 can be
advantageous because doing so reduces dielectric loading
and increases interaction impedance, which increases the
gain of the TWT amplifier. FIG. 2K shows an embodiment
of a TWT amplifier in which the device substrate material
disposed beneath the SWS is removed by etching through
etch gaps 226 (FIG. 2H). This creates a suspended area 230
in support membrane 204 on which the scaffold tube and
helix 228 are supported. In embodiments of the TWT
amplifier in which the device substrate is silicon or silicon
nitride and the support membrane is diamond, a XeF, etch
can be used to selectively remove the substrate.

The word “illustrative” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be
construed as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and
unless otherwise specified, “a” or “an” means “one or
more.”

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modi-
fications and variations are possible in light of the above
teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to
explain the principles of the invention and as practical
applications of the invention to enable one skilled in the art
to utilize the invention in various embodiments and with
various modifications as suited to the particular use contem-
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plated. It is intended that the scope of the invention be
defined by the claims appended hereto and their equivalents.

What is claimed is:

1. A traveling wave tube amplifier comprising:

a slow-wave structure comprising:

a cylindrical scaffold comprising a dielectric film, the

cylindrical scaffold having an interior surface; and

an electrically conductive helix on the interior surface of

the cylindrical scaffold, the electrically conductive
helix comprising a plurality of electrically conductive
strips connected end-to-end;

an electron gun positioned to direct one or more beams of

electrons axially through the electrically conductive
helix or around the periphery of the electrically con-
ductive helix; and

an electron collector positioned opposite the electron gun.

2. The amplifier of claim 1, wherein the cylindrical
scaffold comprises silicon nitride, silicon oxide, aluminum
oxide, or diamond.

3. The amplifier of claim 1, wherein the electrically
conductive helix has an inner diameter in the range from 1
um to 50 pum.

4. The amplifier of claim 1, wherein each electrically
conductive strip corresponds to one coil of the electrically
conductive helix.

5. The amplifier of claim 1, further comprising a dielectric
support membrane, wherein the slow-wave structure is
attached to the dielectric support membrane along the length
of the slow-wave structure.
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6. The amplifier of claim 5, wherein the dielectric support
membrane comprises diamond or silicon nitride.

7. The amplifier of claim 6, wherein the electrically
conductive helix comprises a material that can be electro-
plated.

8. The amplifier of claim 7, wherein the electrically
conductive helix comprises gold, copper, nickel, or silver.

9. The amplifier of claim 8, wherein the cylindrical
scaffold comprises silicon nitride, the dielectric support
membrane comprises diamond, and the electrically conduc-
tive helix comprises gold.

10. The amplifier of claim 8, wherein the electrically
conductive helix has an inner diameter in the range from 1
um to 50 pm.

11. The amplifier of claim 5, further comprising a device
substrate, wherein the portion of the dielectric support
membrane to which the slow-wave structure is attached is
suspended over the device substrate.

12. The amplifier of claim 1, wherein the cylindrical
scaffold comprises diamond, has a thickness in the range
from 10 nm to 20 nm, and has an inside diameter in the range
from 0.5 pm to 2 pm.

13. The amplifier of claim 1, wherein the cylindrical
scaffold comprises silicon nitride, has a thickness in the
range from 20 nm to 40 nm, and has an inside diameter in
the range from 1 pm to 5 pm.

14. The amplifier of claim 1, wherein the cylindrical
scaffold has an inside diameter in the range from 0.5 um to
30 pm.



