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A multi-level microstructure is proposed for terahertz slow-wave circuits, with dispersion relation

retrieved by scattering parameter measurements. The measured return loss shows strong resonances

above the cutoff with negligible phase shifts compared with finite element analysis. Splitting the

circuit into multi levels enables a low aspect ratio configuration that alleviates the loading effect of

deep-reactive-ion etching on silicon wafers. This makes it easier to achieve flat-etched bottom and

smooth sidewall profiles. The dispersion retrieved from the measurement, therefore, corresponds

well to the theoretical estimation. The result provides a straightforward way to the precise

determination of dispersions in terahertz vacuum electronics. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4862324]

Challenges for generating coherent electromagnetic

radiation in terahertz (THz) regime have rapidly arisen due

to great interest and potential in advanced physics research

and commercial applications.1 THz generation, including

detection and manipulation, is currently beyond the capabil-

ity of most traditional technologies. Microfabricated vacuum

electronic devices (lVEDs), however, are promising candi-

dates for versatile, compact, high power, frequency-agile,

coherent radiation sources. These micron-precision, litho-

graphic, fabrication methods provide a new path towards

millimeter or sub-millimeter wave radiation sources.2,3 The

realization of THz lVEDs involves significant issues caused

by downward scaling of feature dimension, including elec-

tromagnetic wave loss, resonant frequency shift, thermal dis-

sipation, and electron beam transmission.4 In addition, the

control of surface roughness below skin depth becomes a

critical requirement, due to the intrinsically high level of loss

at THz frequencies. This also depends on material conductiv-

ity, defects, and the size of grain boundaries.3,5

Recent advances in nano- or microfabrication are pro-

viding diverse opportunities to exploit frequency operation

over 100 GHz. These advances include deep-reactive-ion

etching (DRIE), X-ray or UV LIGA (German acronym

for Lithographie, Galvanoformung Abformung i.e.,

Lithography, Electroplating, and Molding), polymer micro-

molding, and growth of diamond in silicon molds.4,6 Paoloni

et al. presented a deep X-ray photolithography process for 1-

THz, cascade, backward-wave amplifiers, showing a lateral

surface roughness less than 200 nm and a thickness homoge-

neity within 3 lm.7 In the case of DRIE on silicon wafers, a

0.65 THz folded-waveguide (FWG) slow-wave structure was

demonstrated by using a two-level, etch process for two

different heights of a FWG trench and a beam tunnel.8,9 The

etched trenches were then coated with a metal film in thick-

ness of a few multiples of RF skin depth. They also reported

a waveguide aspect ratio of exceeding 8:1, a sidewall rough-

ness of 50 nm, and an alignment accuracy of 2 lm between

two FWG circuit halves. On the other hand, we recently

compared RF return loss between measurement and simula-

tion for 0.1 THz backward-wave oscillations, proposing a

two-level, ultra-deep (>200 lm), reactive ion etching

(u-DRIE) process for two different levels of trenches: a

beam tunnel half of 280 lm and a circuit half of 800 lm with

an aspect ratio of 8:1.10,11 The measured 13.8 � 70.6-nm

(rms) surface roughness was well below the skin depth of the

surface metal layer, Au ½dðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=xlr

p
� 240 nm�.

However, the suppression of the two-level, u-DRIE process

at the narrow channel of resonant cavities changed the aspect

ratio and led to growth of vertical microridges on the side-

wall of cavities. As a result, not only was a significant RF

attenuation observed but also the cutoff and the resonances

shifted away from the desired frequencies.11

Here, we present a highly precise, three-dimensional (3D),

microstructure for 0.1 THz backward-wave interaction circuits

fabricated by a multi-level, tandem process. In contrast to the

previous works,11,12 the interaction circuit is divided into mul-

tiple levels in z-x plane along the beam tunnel direction. A cut-

away half of the slow-wave circuit is illustrated in Fig. 1. Each

level is a separately prepared, 6-in., highly doped, silicon wafer

(resistivity <0:005 X � cm). The low aspect ratio configuration

by splitting into multi levels reduces a plasma-loading effect

during DRIE process and provides flat-etched bottom and

smooth sidewall profiles. The loading effect is an etch rate var-

iation phenomenon due to difference in pattern density, i.e.,

the area of exposed silicon, which is unavoidable in compli-

cated feature designs.13 Thus, we propose a multi-level fabrica-

tion process allowing etch rate uniformity for trenches on each

wafer. It is expected to improve both RF attenuation and fre-

quency shifts by reducing structural deviation, enhancing
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sidewall roughness, and depositing a conformal metal layer.

By measuring scattering parameters of the one-port network,

we show that the multi-level, slow-wave circuit provides

strong resonances above the cutoff with negligible phase shifts.

Then we retrieve an accurate dispersion relation as compared

with theoretical predictions. These results may lead to the real-

ization of sophisticated slow-wave microstructures in the THz

frequency regime.

As illustrated in Fig. 2, scanning electron micrograph

(SEM) images show the cutaways of the two-wafer, bonded

(L1þL2) and the four-wafer, bonded ðL20 þ L10 þ L1þ L2Þ
circuits. The tandem microstructure consists of the electron

beam tunnel with a portion of resonant cavities ðL1; L10Þ and

remaining parts ðL2; L20Þ. The unit cell of the slow-wave cir-

cuit is depicted in Fig. 2(a) along the RF path, pþ h. We

employ a double-sided, u-DRIE process for the top substrate

L1, which provides half of beam tunnel d11 from the top sur-

face and excavation of cavity trenches d11þ d12 from both

top and bottom surfaces. These are indicated by the arrows

in Fig. 2(b). Thus, the top substrate L1 of predetermined

thickness 550 lm supports through-etched holes for the reso-

nant cavities. This corresponds to the A� A0 cross section in

the inset of Fig. 1. A more detailed process flow and the

images of the fabricated circuit are presented in supplemen-

tary Figs. S1 and S2.14 The aspect ratio (depth:width) in the

top substrate L1 for the double-sided, u-DRIE process is less

than 1.4:1 (d11¼ 280 lm versus the interaction gap, wg¼ 200

or 300 lm). The aspect ratio in the bottom substrate L2 is

similarly less than 1.3:1 (d2¼ 260 lm versus wg¼ 200 or

300 lm). Two different wg values are chosen to compare

return loss characteristics (see supplementary Fig. S314). The

etched bottom d2 in L2 achieves the height D less than

16.8 lm on the bottom of narrow channels by alleviating the

plasma-loading effect using low aspect ratios. This is a sub-

stantial improvement when compared to D ¼ 80 lm in the

previous report11 where the two-level, u-DRIE process was

proposed for two different, high aspect ratio, trench levels.

In particular, we developed an effective method for an

etch stop layer when through-etched holes are required in

substrate L1. Silicon dioxide or aluminum is commonly used

to stop the DRIE process, preventing the leakage of helium

coolant through etched holes, but it may leave a notching on

the bottom.13 We chose a chemical vapor deposition (CVD)

of polymer, Parylene type C, as an etch stop layer on the

topside etched trenches d11 for conformal and pinhole-free

deposition.15 Then the backside etch of the substrate L1

provides through-etched holes d11þ d12 for resonant cavities

and waveguide transitions, while the substructure for the

beam tunnel d13 is protected by masking patterns. The

remaining thin membrane of Parylene is removed by oxygen

plasmas. A metallic film is deposited on each substrate sur-

face by e-beam evaporation with substrate rotation to obtain

conformal, thick, metal layers (500-nm Ti and 1 500-nm Au)

with enhanced coverage on the sidewalls. The top L1 and

bottom L2 substrates are then engaged together through mul-

tiple seal lines by the thermo-compressive bonding (TCB)

process described in the previous report.11 Finally, the two

identical sets of bonded substrates, L20 þ L10 and L1þL2,

are faced each other and bonded again with an alignment ac-

curacy of 62 lm. Consequently, the configuration of the

interaction circuit consists of four, individual levels by single

and double-sided, u-DRIE processes on the outer (L2, L20)
and inner substrates (L1, L10), respectively.

Figure 3(a) shows the return loss S11 of the interaction cir-

cuit. The vector network analyzer (HP85107A) measurement

is in excellent agreement with two, different, 3D, electromag-

netic simulations: finite element method (FEM) and finite

FIG. 1. Perspective view of the 0.1 THz interaction circuit cut in half along

the z-x plane.

FIG. 2. (a) SEM image of the fabricated interaction circuit after u-DRIE and

TCB processes, as conceptually shown in the inset of Fig. 1. Scale bar,

500 lm. (b) SEM image along the A� A0 cross section as depicted in Fig. 1

showing the beam tunnel in the center and the multi-level microstructure af-

ter TCB process. Scale bar, 500 lm.
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integration technique (FIT), using the Ansoft HFSS Driven

Modal Solution16 and the CST MICROWAVE STUDIO

Transient Solver,17 respectively (see supplementary material

for the details on measurement and simulation14). No signifi-

cant difference was observed in either cutoff or resonant fre-

quencies. A few resonances near 93 GHz are far from cavity

resonances, because the circuit resonant frequencies range

from 96 to 110 GHz, while the cutoff frequency fc¼ c/2d is up

to 93.75 GHz at the interface between the tapered transitions I

and II (see supplementary Fig. S714). Strong resonances appear

above the cutoff with no distinctive frequency shift in the

region of 98 � 110 GHz. Furthermore, the multi-level, tandem

microstructure for the slow-wave circuit provides substantial

improvement in reducing RF attenuation compared to the pre-

vious report.11 As presented in Fig. 2, we obtain high quality

trenches without micro- or nanoscallops, vertical microridges

or striations, etch residues, etc.13,18 Sidewall scallops are about

10-nm (rms) surface roughness measured by atomic force mi-

croscopy (AFM). Such smooth and clean surface profiles are

achievable not only because of low aspect ratios by splitting

into multiple levels for u-DRIE process, but also because of

the triple, surface smoothing treatment using thermal oxidation

and oxide removal.11 In addition, the observation of S11 phase

difference is well consistent with the calculation results, as

depicted in Fig. 3(b). In the low frequency region below 98

GHz, the phase mismatch can be attributed to multiple reflec-

tions at the 90� E-bend waveguide and the waveguide

transitions (see also supplementary Figs. S6 and S714). It has

to be noted, however, that the phase match between measure-

ment and simulations above 98 GHz appears to be remarkable,

as shown in the magnified insets. Less than 0.09% phase mis-

match is observed between measurement and simulation from

98 to 105 GHz. Therefore, it may be appropriate to rigorously

revisit the characteristics of slow-wave dispersion by the com-

parison with analytical and numerical calculations.19

The previous analytical theory for FWGs20,21 is applied

here to obtain the dispersion along with the RF path

lc¼ hþ p in the cavity. The phase shift is given by

kmp ¼ k0ðhþ pÞ þ ð2mþ 1Þp, where km is the propagation

constant of the mth space harmonic along the beam tunnel,

k0 is the fundamental propagation constant along the wave-

guide, h and p are the height and the period in x and z direc-

tions, respectively. Thus, the dispersion relation of the

mth space harmonic can be written as x2 ¼ x2
c þ k2

0c2 ¼
x2

c þ c2ðkmp� ð2mþ 1ÞpÞ2=ðhþ pÞ2 in terms of the phase

shift kmp, where xc is the cutoff angular frequency of the cir-

cuit. The results of dispersion calculation are shown in Fig. 4

with respect to the axial phase shift in the negative group ve-

locity region, 2p < kmp < 3p. The intersection of the beam

line with the space harmonic (m¼ 1) generates a coherent

backward-wave radiation near 100 GHz with a negative

group velocity ðvg ¼ dx=dðkmpÞ < 0Þ. The resonant fre-

quencies are extracted from the return loss measurement and

the HFSS Driven Modal Solution, noting the fact that the cir-

cuit of N cavities gives N resonances in the fundamental

mode with an axial phase shift, kmp ¼ np=N þ 2p.22 The dis-

persion obtained from the measurement is in good accord-

ance with the simulation result. Here, a few dots near

kmp ¼ 2p are missing, because they are out of range of the

W-band (75� 110 GHz) vector network analyzer. A more

detailed description on the dispersion retrieval is given in

supplementary material with Fig. S6–Fig. S9 and Table

SII.14 The measured and simulated wave dispersions show,

however, a frequency deviation from the analytical

FIG. 3. Simulated and measured return loss characteristics of the interaction

circuit: (a) magnitude and (b) phase of S11, respectively.

FIG. 4. Dispersion relations from the analytical calculation (black dotted

lines) and the HFSS Eigenmode Solution for the single unit cell (violet-col-

ored, solid lines). Dispersion of the electron beam with 12 kV is plotted in a

cyan-colored, solid line. Retrieved dispersions from the return loss measure-

ment and the HFSS Driven Modal Solution are given in red and blue dots,

respectively, for the full circuit geometry as illustrated in Fig. 1.
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prediction along with the axial phase shift. This discrepancy

reaches up to 2.5 GHz at kmp ¼ 3p, where the frequency is

close to the cutoff. It may be attributed to the fact that the

fringing fields on both sides of the rectangular aperture in the

beam tunnel contribute to the increase of discontinuity react-

ance in wave propagation.23,24 Such an effect is not consid-

ered in the analytical calculation (see supplementary Fig.

S1014). We also carried out the HFSS Eigenmode

Solution16 for the single unit cell structure, which pro-

vides an efficient way in analyzing periodic slow-wave

circuits. Then, we found the lowest passband (mode 1),

i.e., the cavity mode22 and the next higher passband

(mode 2), called the slot mode near the upper cutoff of

the lowest passband. The cavity mode obtained from the

HFSS Eigenmode Solution corresponds well to the mea-

surement. The accuracy of the HFSS Eigenmode

Solution is discussed in supplementary Table SIII.14 We

consequently retrieved the highly accurate dispersion

relation from the multi-level, slow-wave structure as

compared with computational simulations.

In summary, the proposed multi-level, tandem micro-

structure for slow-wave circuits demonstrates excellent

agreement with theoretical prediction of return loss char-

acteristics. It is noteworthy that splitting into multiple

levels enables a more sophisticated approach for resonant

frequencies and phases, together with RF attenuation.

The wave dispersion relation then leads to a clear finger-

print for experimentally identifying and characterizing

interaction circuits. We therefore conclude that the multi-

level, tandem configuration for slow-wave circuits pro-

vides precise realization of RF characteristics. This

would be useful for the development of future THz

lVEDs.
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