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ABSTRACT 

Folded waveguide is considered as a robust slow-wave circuit for traveling-wave tubes, 

particularly for millimeter wave and terahertz wave applications. The relatively simple 

full-metallic structure of folded waveguide facilitates its fabrication process to be 

compatible with microfabrication technology, and it is structural robust and thermally 

stable, especially when the circuit is downsized into microscale dimensions. 

In this thesis, a folded-waveguide slow-wave circuit working on 220GHz central 

frequency is targeted for investigation. The thesis includes two major parts, i.e. the 

theoretical study and electromagnetic field simulations, and an ultra-thick SU-8 process 

development based upon microfabrication technology.  

Our cold-circuit analysis reveals that the pass-band of the 220GHz central frequency 

folded waveguide is ~80GHz, which is between the cut-off frequency and the first 

stop-band. Parametric cold-circuit study provides better knowledge about how the varying 

structural parameters can influence the cold-circuit parameters. Optimization of 

cold-circuit properties via simulation also indicates a ~20GHz 3-dB bandwidth of the 

circuit, and this is used as the basis of further beam interaction circuit simulations. 

Following the cold-circuit analysis, we carried out the beam interaction circuit 

simulations and optimizations with the loss-free particle-in-cell (PIC) simulation method. 

Our PIC simulations reveal that the transverse dimension and shape of the electron beam 

tunnel have considerable impact on the beam-wave interaction. The model with 

circular-cross-section beam tunnel exhibits similar bandwidth, higher efficiency and gain, 

comparing to that with square-cross-section tunnel. It is also indicated that phase velocity 

taper of electromagnetic wave on the rear half of circuit can greatly improve the output 

power and increase the efficiency, up to 70 %. The peak loss-free output power and 

efficiency predicted by the PIC simulations are 70.5W and 8%, respectively. 

Experimental study of microfabrication for the folded-waveguide slow-wave circuit was 

also conducted with the ultra-thick SU-8 process. With the help of confocal laser scanning 

microscopy, we quantitatively analyzed the sidewall surface roughness of the SU-8 mold. 



iv 
 

The vertical striation along the sidewall surface was eliminated successfully by proper 

improvement on the post-exposure-bake conditions, and the RMS (Root Mean Square) line 

roughness on the SU-8 mold sidewall was greatly reduced from ~1 m to ~70 nm. AFM 

analysis was also applied to examine the sidewall surface roughness, and the RMS surface 

roughness can be as low as 2.6 nm on the optimized samples. 

A novel micromachining process for fabricating the folded waveguide was developed in 

our study basing on fiber embedment SU-8 process. Our preliminary results indicate that 

the fiber can be mounted properly in the SU-8 serpentine mold. 
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1 Introduction 
 

1.1 The Terahertz Gap and Terahertz Applications 

Sandwiched between microwave band and infrared (IR) band, the terahertz wave 

band (defined as 100GHz-10THz here) still remains one of the least exploited regions 

of the electromagnetic spectrum [1-3]. This bandgap region, as shown in fig.1.1, is out 

of reach for the usual optical and electronic measurement techniques normally related 

to these better-known neighbours [1, 4]. Despite great scientific interest since at least 

the 1920s, the absence of compact, powerful and low-cost THz sources and relative 

sensitive detectors working within the THz region made THz band an insurmountable 

gap between the traditional microwave and optical technology for decades [1-3]. The 

under-developed THz technology and its very promising potentials for applications 

makes this region of the electromagnetic spectrum a scientific frontier, and a lot of 

research efforts have  been attracted to the terahertz field in the recent years.  
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Figure 1.1 The electromagnetic spectra showing the THz bandgap between microwave band and 
infrared band. 

The promising applications of the THz technology fall into several categories as 

follows: THz imaging, THz radar, THz spectroscopy and THz wireless 
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communication [1-6]. The ability of THz wave to penetrate some materials that are 

usually opaque to both visible and infrared radiation attracts a lot of research interests. 

Many potential applications of THz imaging in medical care are being exploited, for 

example non-invasive inspections for diagnosis of skin cancer and breast cancer, as 

the THz radiation has much lower radioactive energy comparing to X-ray radiation 

which can cause ionization. THz technology also has promising prospects in 

homeland security applications. For instance, surveillance systems based upon THz 

imaging techniques can detect hazardous material hidden in envelopes, or weapon 

concealed behind terrorists’ clothes when they are passing a security checkpoint. THz 

radar can be employed to detect targets through fog over hundreds-meters distance on 

the battle field as well. Within the communication area, broadband THz sources and 

amplifiers are the prerequisite to realize ultra-high-data-rate wireless communication. 

For example, 10% of bandwidth of a 400GHz central frequency can enable wireless 

transmission at a data rate higher than 100Gbps. The security of wireless and 

inter-satellite communications can also benefit from the miniaturized antenna, as it 

can produce highly directional beam. As THz fields interact strongly with polar 

substances but penetrate those non-polar ones, the absorption spectra of many polar 

molecules, for example H2O, C, N2, O2, O3, HCl, CO, SO2, CH3CN, etc., have many 

and distinct spectral peaks in the THz range [2]. This unique signature of molecules in 

the THz range is of significant importance in monitoring the surrounding medium, air 

pollution detection, or gas sensing [2-4, 7, 8]. Since various interesting materials have 

unique fingerprints in the THz range, it means that THz radiation can be used to 

identify specific materials. Because many materials are transparent to THz and THz 

radiation is non-ionizing, and images formed with THz radiation can have relatively 

high resolution, we can employ THz spectroscopy as a non-destructive method for 

analyzing materials.  

As aforementioned, the bottle-neck of applying THz technology is the lack of 

compact and reliable terahertz sources with considerable output power and low cost. 

Only some very bulky and expensive sources, such as IR-pumped gas laser, free 

electron laser, backward-wave oscillator (BWO) and THz quantum cascade laser 
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(QCL), can generate output power over 1mW at around 1THz [1, 2, 4]. The lack of 

suitable THz sources is strongly inhibiting the development and future applications of 

THz technology. 

To develop compact and powerful terahertz sources and amplifiers, currently there 

seems to be two possible choices, either extending the operating frequency of current 

electronic devices upwards from the microwave band or extending the operating 

frequency of present photonic devices downwards from the IR band into the THz 

range. Analogous to the semiconductor laser diode in the visible and infrared band, or 

to the transistor oscillators and amplifiers in the microwave frequency band, a 

compact, coherent and continuous wave (CW) THz solid-state source is strongly 

desirable for THz systems. However, the power generated by solid-state electronic 

devices, such as transistors, Gunn oscillators and Schottky diode multipliers, rolls off 

owing to both transit-time and resistance–capacitance effects when working frequency 

rises into the low frequency end of the THz range [1, 5]. The direct generation of THz 

wave through photonic approach is hindered by the lack of appropriate materials, 

which should have sufficient small band-gap for radiating THz waves [4]. Although 

intersubband QCL with atomically sharp semiconductor heterostructures, powered by 

the advance of nanotechnology, is capable for generating both pulsed and CW 

radiation of hundreds of mWs at the frequency rang around 1THz. However, the 

requirement of cryogenic working environment is definitely a huge drawback of this 

technology [3-5]. Nonlinear photo mixing of two laser sources is an alternative optical 

approach for indirectly generating THz wave, but this technique suffers from the very 

low conversion efficiency, low output power and bulky equipment [4, 9].  

There is a promising approach to achieve compact THz sources through increasing 

the working frequency from microwave band into the THz frequency range for the 

present microwave tubes (or electron tubes), which can provide much higher output 

power and broader bandwidth than solid-state devices [6, 10-12]. Nonetheless, the 

physical scaling problem and the metallic loss issue are obstacles preventing 

microwave tubes devices from working in the THz frequency range [1, 2, 11]. To 

address these problems, miniaturization of electron tubes with microfabrication 
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(a)                                  (b) 

Figure 1.3 (a) End view and (b) cross-section view of coupled-cavity slow-wave circuit. 

technology is introduced as a reasonable approach [6, 12, 67, 68]. Recent 

technological advance in microfabrication and development of micro-BWO have 

reflected the powerful capability of THz electron-tube devices and revealed their 

promising prospects [13, 70]. 

1.2 Traveling-wave Tubes and Their THz Version 

Among the family of microwave tubes, traveling-wave tubes (TWTs) occupy 

more than 50% of the market share. Generally, TWTs can work as high gain and 

broadband amplifiers, as well as oscillator when a feedback loop is applied [14-16]. 

TWTs are found in almost every communication satellite as final stage amplifiers. In 

many radar systems, one or more TWTs are used as high power amplifier to generate 

the transmitted RF pulse. The largest application of TWTs is in electronic 

 
Figure 1.2 A schematic configuration of helix-TWT 
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countermeasure systems, in which TWTs serve as power amplifiers for transmitting 

deceptive signals [14]. Other applications of TWTs include key amplifiers in remote 

sensing system and wireless communication systems, for example terrestrial 

microwave communication [10, 11].  

For their indispensable importance in the vacuum electronics devices, the 

development of miniaturized THz TWTs draws a lot of attentions from the vacuum 

electronics community [17-24]. Developing a THz TWT means that almost every part 

of TWT need to be miniaturized accordingly since the transverse size of circuits is 

inversely proportional to the working frequency. Fig.1.2 shows a typical configuration 

of a helix-TWT, which consists of a thermionic electron gun, a wounding helix 

slow-wave circuit, input/output coupler for signal, external magnet for focusing the 

electron beam and a depressed collector to gather the used electron beam. The 

working principle of a TWT is to transfer the kinetic energy of electron beam to the 

electromagnetic (EM) field energy along the slow-wave circuit as continuous 

beam-wave interaction takes place under the condition that the axial phase velocity of 

EM wave matches the speed of the electrons drifting inside the tube [14]. As a result, 

RF signal is amplified. Since it is impossible to accelerate electron to the speed of 

light in vacuum, a slow-wave circuit is applied to slow down the axial phase velocity 

of EM wave, in order to match the speed of electron beam [14-15]. At present, helix 

and couple-cavity (see fig.1.3) are the two most widely used types of slow-wave 

circuits for microwave band TWTs. Working as the interaction circuit for TWTs, 

slow-wave circuit determines the gain, power capability and bandwidth of TWTs [25, 

26]. For example, a TWT with helix as the slow-wave circuit is capable for providing 

very broad bandwidth (>30% of the central frequency) but relatively low output 

power [10]. On the other hand, a couple-cavity TWT can produce higher gain and 

output power than the helix-TWT but the bandwidth is much narrower (<20% of the 

central frequency). In the past decades, some novel slow-wave circuits have also been 

designed and developed for TWTs in the millimetre and sub-millimetre wave 

bands[30, 32, 49, 50- 52, 71-72]. 
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Table 1-1 Microfabricated slow-wave circuits for TWTs 

Because the slow-wave circuit is such a key part of a TWT, plenty of works on 

miniaturizing TWTs are focusing on achieving downsized slow-wave circuits [10]. 

Concerning the fabrication issue of slow-wave circuit for THz TWTs, the main 

problems are the very stringent machining tolerance required by the miniaturization of 

slow-wave circuit and demanding control of the surface roughness of metal for 

reducing the resistive loss due to the decreasing skin depth of metal under very high 

frequencies [6, 27, 47, 48]. Apparently, conventional machining techniques are not 

suitable for very demanding tolerances, for instance the requirement of machining 

tolerance around 1µm and the sidewall RMS (Root Mean Square) surface roughness 

around hundred nanometres, are far beyond the levels that the conventional machining 

Group SWS E-beam Frequency 
Saturated 

output/ 
bandwidth 

Process 

University of 
Wisconsin- 

Madison 

Folded 
waveguide 

Pencil beam 560GHz 
>70mW 
~60GHz 

X-ray and 
UV-LIGA, 

DRIE 

Northrop 
Grumman 

5-way 
combined 

folded 
waveguide 

5-way pencil 
beam 

220GHz 
>10W  

~20GHz 
UV-LIGA, 

DRIE 

University of 
California-Davis 

Staggered 
double vane 

Sheet beam 220GHz 
>100W 
~50GHz 

UV-LIGA 

Teraphysics 
Corporation 

Helix 
External, 
half-ring 

cross-section 
650GHz 

270mW/ 

NA 

Bulk and 
surface 

micromachini
ng 

National Seoul 
University 

Folded 
waveguide, 

coupled- 
cavity 

Pencil beam 100GHz NA 
2-step X-ray 

LIGA 

OPTHER, Europe 
Corrugated 
waveguide 

Sheet 
beam/pencil 

beam 
0.3-2THz 10-100mW UV-LIGA 
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techniques can reach. Furthermore, the traditional helix and couple-cavity slow-wave 

circuits are difficult to fabricate with micromachining technique, owing to their rather 

complex structures. Therefore, both new type of slow-wave circuits and relating 

microfabrication technologies are required to develop THz TWTs. 

In the past decade, several types of microfabricated slow-wave circuits have been 

proposed for THz TWTs, such as folded waveguide [18-20, 54-56, 64, 70], corrugated 

waveguide [23, 71-72] and staggered vane structure [21, 22, 73,74]. Some researchers 

are also making efforts on the modified helix [24] and coupled-cavities slow-wave 

circuits [29]. Table 1-1 lists out some details about the projects relating to the 

microfabricated THz TWTs carried out by different groups across the world. Some of 

these slow-wave circuits have demanding requirements for the electron beam. For 

example, as shown in table 1-1, both staggered double vane and corrugated 

waveguide structures may require an electron sheet beam to drive the devices, while 

the miniaturized modified helix structure needs external electron beams which have 

half-ring-shape cross-section to drift outside the helix [71, 21, 28]. The complexity 

arising from electron beams will greatly increase the difficulty for implementing 

miniaturized THz TWTs. 

As for folded-waveguide slow-wave circuit, it needs only a pencil-shape electron 

beam to drive the circuit, which is much easier to obtain. A 3-dimension (3-D) model 

of a hollow folded waveguide is shown in fig.1.4. The performances of folded 

 

Figure 1.4 Three-dimension model of hollow folded waveguide structure 
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waveguides are compromises between those of helix and coupled-cavity slow-wave 

circuits [26]. Proven by the experiment, folded-waveguide slow-wave circuits have 

the merits of relatively broad bandwidth, moderate output power and low RF loss 

within the millimetre wave range [26, 30, 66]. The relative simple and full-metal 

structures of folded waveguides also guarantee better compatibility with 

microfabrication technology, higher thermal capability and higher reliability of device. 

This makes folded waveguide more competitive when the circuit is downsized to 

accommodate increased frequencies.  

1.3 Research on Folded-Waveguide Slow-Wave 
Circuit 

Folded waveguide has been studied as slow-wave circuit of the TWT for over two 

decades since Doher et al. made the first experimental folded-waveguide TWT 

working at 45GHz [30]. Linear theory and equivalent circuit analysis of the 

folded-waveguide slow-wave circuit was introduced by Ha et al. in 1998 [44]. Based 

on analytical study, equivalent circuit model and electromagnetic field simulation, 

Booske et al. presented their modeling method for folded-waveguide slow-wave 

circuit with better accuracy [34]. The author also conducted parametric analysis on the 

folded-waveguide slow-wave circuit with regard to the structural parameters and 

provided optimization method via parametric study and electromagnetic field 

simulation [36]. In his publication, Malek presented that the analytical results 

obtained with Madey’s theorem, instead of the widely used Pierce theory, agree very 

well with the numerical results obtained by Matlab program using single particle 

under small signal gain condition [53]. However, Malek’s simplified results have not 

been compared with electromagnetic field simulations for verification yet [53]. 

Experimental studies on folded-waveguide TWT are also conducted within millimeter 

wave range and THz wave rage for high power application [65, 66,70]. 

  Towards enhancing performance of folded-waveguide slow-wave circuit, such as 

gain, power level and bandwidth, substantial research activities are focusing on the 



Simulation and Microfabrication Development of Folded-Waveguide Slow-wave Circuit for THz TWT 

9 
 

structural modifications of the full-metal folded waveguide. For example, Northrop 

Grumman is developing parallel folded waveguides instead of a single waveguide, in 

order to boost the power level of folded-waveguide TWTs [20, 54-56]. Some 

theoretical analyses have been focused on adding specific parts onto the normal 

folded-waveguide structure. For instance, He et al. [52, 57] and Sumathy et al. [58] 

presented their analysis on ridge-loaded folded-waveguide slow-wave circuit, 

respectively, to widen the bandwidth of folded-waveguide TWT. Dielectric-loaded 

folded waveguide was studied by Zhang et al., in order to broaden the bandwidth for 

the millimeter TWTs [59]. Resonance-cavity-like structure added to the normal 

folded-waveguide structure was investigated for the purpose of increasing beam-wave 

interaction capability, which is reported by Liao et al in their simulated results [60-61]. 

However, this modification causes a smaller bandwidth [62]. Though structural 

modification sounds as a good idea to improve specific properties of the 

folded-waveguide slow-wave circuit to a certain degree, the fabrication challenges for 

the microfabrication technology are also increased. Hence there will be a long way to 

go before these modified folded-waveguide structures can be realized.  

To improve the efficiency of folded-waveguide slow-wave circuit, non-uniform 

periods of the folded waveguide, or  electromagnetic wave phase velocity tapering 

near the output end of folded waveguide, are applied to resynchronize electron beam 

and the electromagnetic wave and extract more kinetic energy from electron beam to 

the wave [63]. 

In recent decade, we can see that more and more research interests in 

folded-waveguide slow-wave circuit are moving into the region of THz [67-70], due 

to its promising properties and compatibility with mature microfabrication technology. 

We will discuss about this in next section. 

1.4 Microfabricated THz Folded-Waveguide 
Slow-wave Circuit 

Since the first time Kory et al. proposed the idea of microfabricated 
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folded-waveguide slow-wave circuit for THz TWT and BWO applications, many 

research efforts have been done on the development of micromachining processes for 

miniaturized folded-waveguide circuits [16]. Two typical high-aspect-ratio-structure 

(HARS) micromachining techniques, i.e. DRIE (Deep Reactive Ion Etching) and 

LIGA (German acronym of “Lithographie, Galvanoformung und Abformung", means 

lithography, galvanoforming and molding), have been applied for fabricating the 

prototypes of folded-waveguide slow-wave circuit [6, 18, 20, 32, 76]. DRIE uses 

silicon wafer or SOI (Silicon-On-Insulator) wafer as substrate, and creates the 

structure on the wafer in a substractive way, i.e. etching away the silicon [31]. While 

for LIGA, a substrate with conductive seed layer is required, i.e. metallic wafer or 

silicon wafer coated with metallic layer. The LIGA-fabricated structure is created in 

an additive way, i.e. electroplating metal onto the sacrificial structure of photoreisit 

[31]. Both DRIE and LIGA are able to create structure with considerably smooth 

sidewalls [77-78]. 

Micro-EDM (Electrical Discharging Machining) has also been used to machine 

W-band (83.5GHz) folded–waveguide slow-wave circuit [6]. However, Micro-EDM 

is no longer suitable when both very high machining accuracy and very smooth 

surface (RMS roughness less than a hundred nm) are required, thus it is not suitable 

for THz circuit microfabrication. Therefore photolithography-based microfabrication 

processes, like DRIE and LIGA are the preferable approaches for micromachining of 

THZ folded-waveguide circuits. 

Because folded-waveguide circuit has an electron beam tunnel longitudinally 

across the entire serpentine waveguide structure (see fig.1.4) and the beam hole exists 

in the middle of the serpentine waveguide sidewall if we look at the cross-section, this 

difference in cross-section size for the beam tunnel and the serpentine waveguide 

complicates the microfabrication process with additional steps and increasing 

micromachining errors. Much more effort is required for fabricating the electron beam 

tunnel. In order to machine the electron beam tunnel, in general, folded waveguide is 

divided into two symmetric halves and each part is fabricated individually. Each 

symmetric part of beam tunnel should be structured in a different step apart from the 
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step for creating serpentine waveguide, before the two symmetric halves of folded 

waveguide are aligned and assembled together. Taking LIGA process for example, at 

first, one half of the serpentine hollow waveguide is created through electroplating of 

copper onto the lithographically patterned polymethylmethacrylate (PMMA) 

photoresist and release of the photoresist; then the semi-circular-column-shape or 

rectangular-column-shape half of the electron beam tunnel is trenched on the 

LIGA-fabricated copper waveguide with micro-EDM; and at last the two symmetric 

halves are assembled together. Although micro-EDM process might be a very 

reasonable approach to create long trench for the beam tunnel of a folded waveguide, 

the process does trigger new problems. In [32], Shin et al. reported that the hollow 

serpentine waveguide as EM wavepath would be clogged and distorted by the burs 

generated in the micro-EDM process, which tear the copper off the LIGA-fabricated 

block, as shown in fig.1.5(a). To address this problem, they developed a new two-step 

LIGA process for machining, in which the serpentine waveguide and 

rectangular-column-shape electron beam tunnel are fabricated in individual steps and 

additional alignment is involved [32]. Their sample of two-step LIGA process is 

shown in fig.1.5(b).   

 

 
Figure 1.5 (a) X-ray LIGA fabricated folded waveguide with beam tunnel machined by EDM and (b) 
two-step LIGA fabricated folded waveguide. 
 

Standard LIGA is a very robust technique for fabricating microstructures with 

HAR, because it applies a coherent X-ray as exposure source, which has low 



Simulation and Microfabrication Development of Folded-Waveguide Slow-wave Circuit for THz TWT 

12 
 

dispersion. However, employing standard LIGA requires very expensive coherent 

X-ray source, i.e. synchrotron, which is usually unaffordable for most  laboratories, 

and this strongly limits the application of LIGA. DRIE can be widely accessed though 

it is an expensive technique as well. The major challenge with DRIE for machining 

folded-waveguide is how to control the sidewall roughness of the structures.  

To replace the very expensive X-ray as the exposure source for micromachining 

HARS, widely deployed ultraviolet (UV) exposure source is employed in a modified 

LIGA process. As the PMMA used in standard LIGA process requires very high 

exposure energy to break the link, which is not suitable for UV process. A new 

negative tone ultraviolet (UV) sensitive photoresist, i.e. SU-8, is an alternative for 

micromachining HARS [6, 31, 33, 41]. The SU-8 based UV-LIGA process is more 

accessible as UV exposure source is affordable to every MEMS lab. Nowadays, SU-8 

has been employed to fabricate the mold for folded waveguide. Fig.1.6 shows an 

SU-8 mold of folded-waveguide structure for 400GHz TWT fabricated by Booske et 

al. [6, 19]  

                   

Figure 1.6 SU-8 mold of folded waveguide for 400GHz application 
 

Both LIGA and UV-LIGA are merely capable for quasi-3D microfabrication of 

structures, owing to the limitation of photolithography, which in principle only can 

transfer 2-dimension pattern from the photomask onto the photoresist [31, 33]. As 

well, DRIE can only etch along Z direction and the XY-plane cross-section remains 

unchanged, if the mask is set in XY plane, which means only quasi-3D structure can 
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be fabricated from 2D mask [31]. As a consequence, the electron beam tunnel 

fabricated by these techniques should have a rectangular or square cross-section. The 

drawback of rectangular-column-shape electron beam tunnel is that the circuit has 

lower beam-wave interaction, and lower efficiency than the beam tunnel of circular 

cross-section when applying pencil-shape electron beam. Additional alignment may 

also introduce more machining errors in the process. 

A lot of research efforts are also focused on the theoretical analysis and EM field 

simulation of THz folded-waveguide slow-wave circuit [34-40]. Accurate analysis on 

folded–waveguide slow-wave circuits is important for the design of TWTs. The 

design process can be greatly accelerated and the design cost can be cut by means of 

accurate analysis and simulation since prototyping of the device is not necessary and 

the risk of design failure can be reduced [42]. The theoretical analysis on slow-wave 

circuit falls into two categories, i.e. cold-circuit (or cold-test) in which the real 

electron beam is not taken into account, and beam-interaction circuit (or hot-test) 

analysis, in which the real electron beam is taken into account [42, 43]. Cold-circuit 

analysis focuses on the dispersion relation and the beam-wave interaction impedance, 

and the circuit loss of the cold-circuit [42-44]. Beam-interaction circuit analysis 

usually bases on the results obtained from cold-circuit analysis, and takes the real 

electron beam into account, when calculating the amplifier characteristics, such as 

bandwidth, gain and output power. 

Generally, cold-circuit analysis of folded-waveguide slow-wave circuit consists of 

three major methods, i.e. analytical model, equivalent circuit model and EM field 

simulations [34, 44]. Analytical model describes the dispersion relation in a simplified 

way since the calculations of axial phase velocity of EM wave and the electric field 

are performed ignoring the bending of the waveguide and the beam hole on the broad 

wall of the waveguide [34, 44]. Based on waveguide theory, equivalent circuit model 

employs different circuit models, to represent each part of the folded waveguide, i.e. 

the bending part and the straight part of waveguide, the junction between bending and 

straight part and the beam hole on the broad wall. Then the dispersion relation and 

electric field can be calculated [44]. EM field simulations apply FEM (Finite Element 
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Method) or FIM (Finite Integration Method) to calculate the EM field within the 

entire meshed folded-waveguide structure [34]. 

In general, the design flow starts with cold-circuit characteristics, by building up 

analytical model and equivalent circuit model, and running eigenmode EM filed 

simulation. Then the beam-interaction circuit simulation can be carried out based on 

the parameters achieved in cold-circuit analysis, by means of particle-in-cell (PIC) 

simulation program. Circuit optimization can also be carried out with both cold-circuit 

and beam-interaction circuit simulations. 

Within a slow-wave circuit, the EM field is determined by Maxwell’s equations 

with source current and charge density, while the electrons are governed by the 

Newton’s law or their relativistic version [16, 42]. These equations are coupled 

together in the way that the EM field is induced by the current and charges of the 

moving electrons, while the electrons move according to the EM fields [14-16, 42]. 

The most accurate way to obtain solutions for the Maxwell-Newton’s system of 

equations, is to directly solve them. To provide self-consistent solutions for the 

governing equations, the PIC method was developed [42]. In the PIC method, the 

arbitrary functions of charged particles are statically represented with discrete 

computer particles, and the computer particles exist in a continuum space and interact 

with EM fields through a discrete grid using interpolation [42]. However, the 

calculations with the PIC method are much more complicated and time-assuming, due 

to the complexity of solving self-consistent equations and tedious interpolation 

process. With the advance of computing power of modern computer and the advent of 

commercial simulator, the PIC simulation has become realistic and the computing 

challenge is reduced remarkably.  

Most of the verifications of circuit designs for THz folded-waveguide slow-wave 

circuits are still limited in testing the cold-circuit properties for the circuits fabricated, 

or building-up lower-frequency scaled device and testing the amplifier performance 

[19, 20, 32]. By now, we have only found experimental work related to THz 

folded-waveguide TWT in one paper [70].  
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1.5 Research Goals and Approaches 

We aimed at developing folded-waveguide slow-wave circuit with relatively broad 

bandwidth and high output power for 220GHz central frequency TWT. The designed 

bandwidth is about 20GHz, and the expected output power of the continuous wave is 

around 10W. Powerful broadband amplifier working around the 220GHz atmospheric 

window will enable plenty of applications, such as short range THz radar system for 

homeland security uses and military uses, remote sensing system for commercial, 

academic and military applications and ultra-high-data-rate wireless communications 

(>60Gbps) and inter-satellite communications. 

Our research effort covers the microwave theoretical study, electromagnetic field 

simulations and the microfabrication technology together. We apply the microwave 

electronics theory and powerful numeric computing tools to build up 

folded-waveguide circuit models, parametrically analyze the structures and carry out 

the optimization for circuit properties. Another part of effort is developing new 

micromachining process for folded-waveguide slow-wave circuits. We chose to use 

the SU-8 based UV-LIGA-like process to realize our design. The critical process steps 

were developed for specific parameters, such as the side wall surface smoothness and 

circular cross-section beam tunnel.  

1.6 Thesis Outline 

This thesis focuses on the design, parametric simulation and optimization of 

folded-waveguide slow-wave circuit with 3-D EM simulator, and development of 

relating microfabrication technology. The structure of the thesis is based on the 

published and submitted journal articles. First part of the thesis is the introduction of 

research background. The following two parts describe the methods involved in the 

research works. In the second part, the design process, the analytical and numerical 

analyses of the folded-waveguide slow-wave circuit are presented. Both cold-circuit 

and beam-wave interaction analyses are made on EM field simulations. Analytical 
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model, equivalent circuit model and high frequency structure simulator (HFSS) 

models, as well as the detail parametric analysis and optimization on cold-circuit 

properties, are included in the cold-circuit studies of folded-waveguide circuit. Our 

beam-wave interaction analysis puts emphasis on the 3-D time domain particle-in-cell 

simulation with CST particle studio, in which the amplifier characteristics of 

folded-waveguide TWT are verified and optimized. The third part presents the 

experimental studies on the SU-8-based microfabrication process for folded 

waveguides. A striated sidewall surface morphology on the ultra-thick SU-8 structure 

was analyzed in detail, and a method to optimize the process and smooth the sidewall 

is also introduced. A novel microfabrication process for folded waveguides was 

proposed, in which the optical fiber is embedded as a sacrificial structure for 

machining the centimetres-long beam tunnel of circular cross-section for the folded 

waveguide. The last part gives the summaries of the published and submitted articles, 

and presents the major results and conclusions. The articles are attached at the end of 

the thesis, and the more specific results and discussions of each article are given. 
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2 Electromagnetic Field Simulation and 
Optimization for Folded-Waveguide 
Slow-Wave Circuit 

To facilitate and accelerate the design process, to reduce the risk and cost of 

development, and to optimize the performance are always the goals to achieve when 

designing traveling-wave tubes (TWTs). Nowadays, electromagnetic (EM) field 

simulation as a powerful numerical method is indispensable for designing TWTs and 

predicting the performance of the designed devices [11, 42]. Benefiting from the 

ever-advancing modern computing technology, the EM field simulation becomes 

more and more accurate and efficient for modeling TWTs, and plays more and more 

important role on the design process of TWTs. 

In this part, the methods to design the slow-wave circuit, and how to model the 

folded-waveguide circuit and optimize the amplifier characteristics are introduced. 

Usually, the design flow starts with the cold-circuit design and modeling, i.e. without 

considering the influence of the  electron beam. After obtaining basic structural 

parameters and preliminary results via cold-circuit modeling, the beam-wave 

interaction modeling, i.e. taking into account the electron beam, is carried out to 

further simulate, analyze and optimize the design. Both cold-circuit design and 

modeling, and the beam-wave interaction modeling are presented here. 

2.1 Cold-circuit modeling and parametric 
simulation 

As a preliminary step to design a TWT, the cold-circuit properties of 

folded-waveguide circuit should be analyzed and optimized with the structural 

parameters. The cold-circuit properties here refer to phase velocity of electromagnetic 
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wave propagating in folded waveguide, the on-axis beam-wave interaction impedance 

Kc and circuit attenuation, with the absence of a real electron beam. The cold-circuit 

parametric simulations of folded waveguide were conducted in one pitch (half period) 

circuit with a high frequency structure simulator (HFSS), assisted by analytical model 

and equivalent circuit model. To provide a basis for circuit optimization, parametric 

simulations are used to find out how the structural parameters influence the 

cold-circuit properties of the folded waveguide. The circuit attenuation per pitch, due 

to conduction loss, was also calculated from the HFSS simulated 3-D electromagnetic 

field distribution. 

 

 
The cross section of a folded waveguide is shown in fig.2.1. It includes a serpentine 

waveguide for traveling wave to slow down its phase velocity to the speed of electron 

drifting inside the electron beam tunnel, and input/output coupler for RF signal going 

in and out. The material for the folded waveguide should have high electrical and 

thermal conductivity, and copper is our best choice. In the following paragraphs, 

analytical model, equivalent circuit model and HFSS simulation methods are 

presented. The methods for calculating phase velocity, beam-wave interaction 

impedance and circuit attenuation are also given. 

2.1.1 Analytical model 

Based on published results from other researchers [30, 44, 81], the ratio of central 

frequency to the cutoff frequency is assigned to be 1.25, hence the width of the 

transverse rectangular waveguide 'a' is fixed to be 0.852mm for the TE10 mode in the 

 

Figure 2.1 Three-dimension cross-section structure and brief function of folded waveguide 
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220 GHz folded-waveguide slow-wave circuit. The parametric simulations were 

conducted with the rest of major structural parameters, as displayed in fig.2. 2(a).  
 

 

Since a folded waveguide is a periodic structure, the circuit parameters can be 

tested only within one pitch. The analytical model of a folded waveguide is illustrated 

in fig.2.2 (b). The E-plane bending waveguide is treated as straight waveguide. 

Thereby, the electromagnetic wave path L is defined as the sum of 

straight-waveguide-length L0 and mean length of E-plane bending L1, in one pitch. 

The influence of the beam tunnel is not considered in this analytical model. As the 

analytical model neglects the bending of the waveguide and the electron beam hole on 

the broad wall of the straight part of the folded waveguide, it is considered as 

simplified circuit model. The phase delay θ per pitch of the EM wave obtained in the 

analytical model is,  

2 22 / (2 / ) 1 ( ) , / 1 ( )c
g g

c

fL Lf c
f

�� � � � � �
�

� � � � �               (2-1) 

where λg and λc are waveguide wavelength and cut-off wavelength respectively, and c 

is the velocity of light in vacuum. 

            P
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(a) (b) 

Figure 2.2 (a) 3-D structure and (b) 2-D sketch map of folded waveguide circuit. The width and height of the 

transverse rectangular waveguide are a and b respectively. Parameters D, r and g are the diameter of electron 

beam tunnel, mean radius of E-plane bending and gap between two adjacent straight waveguide, respectively. P 

is on-axis length of one pitch (half period).   
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2.1.2 Equivalent-circuit modeling 

According to transmission line theory, a folded waveguide can be modeled with a 

circuit, and different parts of folded waveguide can be described with different 

components which have their own transmission line transfer matrix [34, 44, 79]. As 

shown in fig.2.3, the waveguide is divided into three parts: The electron beam hole, 

the straight waveguide and the E-plane bending waveguide.  

 

The straight waveguide is treated as a uniform transmission line with characteristic 

impedance of Z0.  The E-plane bending is a uniform circular bend of a rectangular 

waveguide, and it is here considered to have a characteristic impedance of Z1. The 

junction between the straight and bending waveguides and the beam hole on the 

straight waveguide are represented by two different reactances X1 and X2, respectively. 

The single transmission line transfer matrix F for one pitch of the circuit can be 

obtained by calculating cascaded transfer matrices of these components in serial [34, 

44]. Finally, a dispersion equation for the folded waveguide is achieved, which will 

provide the basis for phase velocity and interaction impedance calculations. With 

E-plane bending and beam hole taken into account, an equivalent-circuit model has 

higher reliability than an analytical model as representing cold-circuit properties for 

folded waveguides. The detailed introduction of equivalent circuit model for folded 

waveguides was included in references [34, 44]. The equivalent-circuit modeling 

method is employed to assist the analyses process here. 

jX1 jX2 jX1
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Figure 2.3 (a) Divided parts and (b) equivalent circuit model of folded waveguide. 
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2.1.3 HFSS simulation 

Based on the calculated results of analytical and equivalent-circuit analyses, the 

EM field simulations with HFSS were carried out on the folded-waveguide circuit. 

The Ansoft HFSS is a powerful program in 3-D electromagnetic field simulation for 

passive devices. Being able to mesh the arbitrary-shape structure into hundreds of 

thousands of tiny cells, and calculate the Maxwell's equations directly inside each cell, 

HFSS can achieve much better accuracy than analytical models and equivalent circuit 

models. By employing adaptive meshing, volume perturbation technique and periodic 

boundary in the eigenmode solver of HFSS, folded waveguide circuits can be 

simulated accurately and efficiently within a pitch. Based on the simulated resonant 

frequency at specified phase delay and 3-D electromagnetic field distribution, the 

cold-circuit properties can be calculated in the post-processing step. Through 

parametric simulations, we analyzed how the varying structural parameters alter the 

circuit properties, and further optimized the cold-circuit performance basing on the 

parametric results. 

2.1.4 Calculation of the cold-circuit properties 

Normalized phase velocity of the 0th spatial harmonics of TE10 wave is defined as 

angular frequency divided by the product of vacuum light speed and propagation 

constant, as shown in eq. 2-2.  

( )
phm

m m

v
c c
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� �

	
� �

                 2-2
 

For an equivalent circuit model, the phase shift over one pitch is calculated with the 

dispersion equation at given frequency, and plus 1 π as for the 0th spatial harmonics. 

For HFSS simulation, the resonant frequency is the simulated eigenfrequency and the 

corresponding phase shift is the sum of given phase delay and 1π. 

The electron beam is assumed to interact with the on-axis axial part of electric field, 

generally. The interaction impedance depicts how much on-axis axial electric field is 
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available for a given power propagating down the circuit, defined as below, assuming 

electron beam propagating along the z axis: 

                            
2

22
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cm
zm wg

E
K

P�
�                       (2-3) 

where Kcm, Ezm and βzm represent the interaction impedance, the on-axis axial electric 

field and propagation constant of the mth spatial harmonics, respectively, and Pwg is 

the time-average power propagating down the waveguide [16, 82]. 

In the post-processing step of HFSS simulation, Ezm is obtained by spatial Fourier 

analysis across the on-axis pitch length and the loss-free Pwg is computed by 

integrating the Poynting vector across the transverse section of the folded waveguide, 

as given in eq.2-4. 
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The attenuation of the cold circuit per pitch due to resistive loss of conductor is 

computed with the perturbation method introduced in Pozar's book [80], as defined in 

eq.2-5: 
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where Pcl represents the power absorbed by the conductive wall of the folded 

waveguide in one pitch length, while loss-free Pwg is defined in eq.2-4. Pcl is given as 

below: 
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Rs, σ and μ are the surface resistivity, bulk conductivity and the permeability of the 

conductor, respectively, Htan is the magnetic field intensity tangential to the 

waveguide surface, and the s in the integral represents the inner conductive surface of 

folded waveguide. Pcl and Pwg are all calculated in the post-processing step of HFSS 

simulation, directly from the 3-D electromagnetic field results. 

Based on the simulated cold-circuit properties, Pierce linear theory is preliminarily 

employed to compute the small signal gain. Taking into account the phase velocity 
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dispersion, beam-wave interaction impedance, and cold-circuit attenuation, and 

applying a virtual electron beam condition, Pierce linear theory can be employed to 

calculate the small signal gain under simplified conditions [14, 15, 82].  

2.2 Particle-in-cell simulation and optimization 

From the cold-circuit analysis, a sets of structural parameters were obtained, which 

found the basis for us to further study the beam-wave interaction properties and 

optimize the performance of folded-waveguide slow-wave circuit with particle-in-cell 

(PIC) simulation. With PIC simulation, we can analyze slow-wave circuit in a more 

accurate and comprehensive way, for example the amplifier properties of the whole 

TWT can be verified under both linear and nonlinear conditions, and the 

simplification due to the absence of electron beam in the cold-circuit analysis can be 

overcome. PIC simulation is an effective method to model the folded waveguide 

slow-wave circuit, and the risk of design failure can be further reduced. 

Within a slow-wave circuit circuit, the EM fields are determined by Maxwell’s 

equations with the source current and charge densities, while the electrons are 

governed by the Newton’s law or their relativistic version [15, 16, 42]. These 

equations are coupled together in the way that the EM fields are induced by the 

current and charges of the moving electrons, while the electrons move according to 

the EM fields [42]. To solve the governing self-consistent equations, simplified linear 

and nonlinear theories are applied under approximations, as to reduce the complexity 

of calculation [42]. In this way, the accuracy and credibility of the calculation will be 

undermined to a great extent. To provide better accuracy and credibility for analysis, 

PIC method is used to directly solve the self-consistent equations in meshed structure 

of the beam-wave interaction circuits [42]. 

In the PIC method, the arbitrary functions of charged particles are statically 

represented with discrete computer particles, and the computer particles exist in a 

continuum space and interact with EM fields through a discrete grid using 

interpolation [16, 42]. The brief PIC Scheme of the CST particle studio is shown in 
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fig.2.4 [83]. However, due to the complexity of solving the self-consistent equations 

inside the numerous meshed cells and tedious interpolations, the PIC method is more 

complicated and time-consuming than the linear and nonlinear theories. With the 

development of computing power of the modern computer and commercial simulator, 

the PIC simulation for slow-wave circuits has been facilitated and is becoming more 

and more popular for the design of electron-tube devices. 

In our analysis, the CST particle studio was employed to construct and simulate the 

3-D folded-waveguide SWS model, and investigate the temporally and spatially 

continuous beam-wave interaction on the meshed structure, analyzing the 

frequency-dependent characteristics in the post-processing steps. Optimization with 

PIC method was also carried out. We applied the phase velocity taper near the output 

end of the circuit, to improve the output power and efficiency. 

2.2.1 Constructing PIC model 

The model of the folded-waveguide TWT is illustrated in Fig.2.5. An electron gun, 

input/output waveguide ports, a serpentine (folded) waveguide for slowing down the 

EM wave, a tunnel for the electron beam to pass through and a sever within the 

serpentine circuit for representing a concentrated attenuator are constructed in our PIC 

simulation model. The concentrated attenuator is employed to cut off the circuit 

between the input and output ports and significantly attenuates the EM wave in order 

 

 

Figure 2.4 Brief scheme of the PIC simulation process 



Simulation and Microfabrication Development of Folded-Waveguide Slow-wave Circuit for THz TWT 

25 
 

to suppress backward wave oscillation. The concentrated attenuator is modeled in this 

way: the bending waveguide is removed at the sever position, and the two straight 

waveguides (dimension L0, as shown in Fig.2.2 (a)) are lengthened outwards. The 

open boundary condition is applied onto the port of the straight waveguides so that 

both the forward and backward EM waves are perfectly absorbed. Thus, the 

concentrated attenuator model is an ideal one as there are no EM waves reflected from 

the open boundaries.  

The PIC folded waveguide model consists of 64 periods of the serpentine 

waveguide and has an axial length of 36 mm, and the severed part of the circuit 

locates at about one third of the total length from the input end. A simplified design of 

the focusing magnetic field is used in our PIC simulations, with a constant on-axis 

magnetic field of 1 T. 

   
(a)                                   (b) 

Figure 2.6 Folded waveguide models with (a) circular cross-section and (b) square 
cross-section beam tunnel. 

 

Figure 2.5 Particle studio model of folded waveguide slow-wave circuit. Two waveguide ports were 
built up on the “RF in” and “RF out”, representing the input/output coupler.  
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Two types of electron beam tunnel, with square or circular cross-section, are 

constructed on the folded waveguide model. Fig.2.6 shows two different models with 

different cross-section for the beam tunnel. A term “R/C” is defined to describe the 

ratio of the side length of square cross-section to the diameter of circular cross-section, 

as shown in fig.2.6, for beam tunnel. The models with square and circular 

cross-section of beam tunnel are named as R-tunnel model and C-tunnel model for 

short, respectively. The difference between these two types of beam tunnel with 

different cross-section is analyzed in the thesis as well. At first, a comparison between 

these two types of models was made within one pitch of circuit, based on the 

cold-circuit-simulation result. Then PIC simulation was employed to further analyze 

the amplifier performances of these two types of models. 

In our PIC simulations, both single-frequency and multiple-frequency excitation 

signals were employed. To analyze the small-signal behavior, we apply a 

multiple-frequency excitation signal and obtain the response of discrete frequency 

points within the frequency band of interest through a single simulation, which 

reduces the simulation time considerably, efficiently predicting the 3-dB small-signal 

gain bandwidth. However, because of concern about high peak-to-average power in 

the multiple-frequency excitation signal, only single-frequency signals were applied 

to excite the circuit for the large-signal analysis. 

2.2.2 PIC optimization with phase velocity taper 

To extract even more kinetic energy from electron beam at the second half of folded 

waveguide circuit, after the electron beam has given some of its kinetic energy to the 

electromagnetic wave and is decelerated to some extent, the EM wave phase velocity 

need to be slowed down, in order to meet the synchronous condition required by ideal 

beam-wave interaction. Due to the unique structure of folded waveguide, it is very 

easy to merely lengthen the straight part of waveguide (L0 in fig.2.2(a)) so as to 

elongate the EM wave path, without altering the characteristic impedance of the 
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Figure 2.7 Sketch-map showing two-step reconfiguration of folded waveguide for EM wave phase 
velocity taper. 

fundamental TE10 mode. This method of velocity taper eliminates any severe 

reflections of the forward wave due to impedance mismatches.  

As illustrated in fig.2.7, the straight waveguide length L0 is lengthened in a style of 

step transition, and the effective on-axis phase velocity of the EM wave is thereby 

decelerated. The electric field probe is also applied to monitor how the electric field 

grows with the length of the interaction circuit, for analyzing the electric field 

amplification along the circuit. 
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3 Development of SU-8 based 
Microfabrication Process for Folded 
Waveguide 

SU-8 is a negative tone, epoxy-based photoresist, and it has been commonly used in 

micromachining microfluidics devices and Micro-Electro-Mechanical Systems 

(MEMS) devices, and as well as nanoprinting lithography technique, since developed 

by IBM at mid 1990s [41, 84-85]. Particularly, SU-8 photoresist is used to fabricate 

microstructure with high aspect ratio (HAR), as it is highly transparent in the 

ultraviolet (UV) region and nearly vertical sidewall can be achieved on SU-8 

structures via UV lithography [41, 84-85]. Compared to another micromachining 

technique for HAR structures, i.e. X-ray LIGA, SU-8 based UV-LIGA has the 

advantage of low cost, fast process speed and better accessibility, since it does not 

require ultra expensive X-ray exposure machine and can be processed in almost every 

common clean room environment. 

For its excellent micromachining capability, good optical properties and good 

mechanical & chemical stability, SU-8 photoresist has been applied to fabricate 

microwave and optical devices, such as filters, resonators and waveguides [6, 86-88]. 

Generally, the circuit loss for microwave waveguides depends greatly on the surface 

roughness of the sidewall of devices, which causes resistive loss inside waveguide. As 

we know, the skin depth of metal is in negative correlation to working frequency. 

When the skin depth of metal approaches the rms surface roughness, very severe 

resistive loss will occur on the metal waveguide due to the skin-effect [89]. Thus, this 

loss issue has produced a very demanding tolerance on the roughness control of 

machining process, when frequency reaches THz band. 
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In our experimental study for micromachining folded waveguide, two major goals 

were targeted, i.e. smooth sidewall of the waveguide and the circular cross-section 

beam tunnel.  

3.1 Improvement of sidewall smoothness on SU-8 
structure 

During our experiments, an undesired surface morphology of sidewall, i.e. striated 

sidewall with striations vertical to the top surface (see fig.3.1), was encountered when 

the thick SU-8 structure was processed under the condition similar to that 

recommended by datasheet [90]. Therefore the sidewall surface roughness was 

 

(a)                                       (b) 
Figure 3.1 (a) Optical and (b) SEM lateral view of SU-8 structure with striated sidewall 
morphology  

Top surface

Silicon substrate

 

Figure 3.2 Three-dimension lateral view of striated sidewall right below the edge of top 
surface by CLSM 
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dramatically increased, which will finally cause much severer resistive loss inside the 

waveguide. This experimental phenomenon appears on pictures of many literatures 

[91-95]. However, almost no morphology study has been made and the causes of 

these striations are still unknown. 

Qualitative characterizations of striated sidewall were conducted by optical 

microscope and scanning electron microscope (SEM). Fig.3.1 (a) and (b) are obtained 

respectively by optical microscope and SEM for similar samples, illustrating that the 

sidewall is covered with severe striations. In fig.3.2, the magnified 3-D lateral view of 

sidewall right below the edge of top surface reveals a more explicit striated 

morphology of sidewall. Comparing to SEM pictures, the optical ones have higher 

contrast. Hence, they produce more prominent profile of sidewall striations.  

Atomic force microscope (AFM) analysis is a popular 3-D measurement approach 

with very high resolution for surface morphology, but AFM can not conduct fast 

scanning on large area. And furthermore, the limitation of vertical measurement 

(maximum 1μm) of the AFM we used is below the maximum peak-to-valley 

roughness Rp-p (up to 3.6μm) on striated sidewall. That is the reason why we 
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D= 85�m

D= 40�m

2

50

�m
�m

a

b

c

d

e

f
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Figure 3.3 Depth-dependent edge profiles of cross-sectional surface and rms line roughness 
(Rq). D refers to the vertical distance from top surface to the measurement line, and the 
point-to-point sampling distance is 250nm. (a) Rq=0.309μm. (b) Rq=0.433μm. (c) 
Rq=0.712μm. (d) Rq=0.918μm. (e) Rq=0.873μm. (f) Rq=0.734μm. 
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employed confocal laser scanning microscope (CLSM), instead of AFM, to analyze 

the 3-D morphology of striated sidewall. CLSM has faster scanning speed and larger 

vertical measurement range, but lower vertical resolution (10nm) and transverse 

resolution (120nm) than ordinary AFM. 

Based on the scanned data from CLSM, depth-dependent edge profiles of 

cross-sectional surface and rms line roughness were analyzed. The rms line roughness 

Rq is defined as below: 

                21 ( )q n ave
N

R Z Z
N

� ��
                          (3-1)

 

where N represents the amount of measured points, Zn and Zave are the height of the 

nth point and average height of N points, respectively. 

Quantitative characterization was carried out on the striated sidewall by CLSM, and 

the depth-dependent sidewall line roughness for the striated sample is shown in fig.3.3. 

We applied CLSM to analyze both the 3-D sidewall morphology and depth-dependent 

line roughness along the sidewall. Based on the morphology analysis, the possible 

causes of sidewall striations were discussed. Counter measures were also employed to 

reduce the striated effect of sidewall. Through increasing the post-exposure bake 

(PEB) conditions, i.e. raising the temperature and prolonging the baking time, the 

striated sidewall surface is flatten. Thus the sidewall smoothness is improved to a 

great extent. 
 

3.2 Novel process development for micromachining 
folded waveguide 

Another critical issue for our ultra-thick SU-8 based micromachining process 

development is how to machine the hollow beam tunnel for the folded waveguide 

circuit. As we know, the electron beam tunnel has very different dimensions from that 

of the serpentine (folded) waveguide. In addition, the beam hole existing on the center 

of the broad wall of the straight part of the waveguide greatly complicates the 
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microfabrication process for the folded waveguide, since additional processing steps 

are required and more alignment error could be introduced..  

3.2.1 Normal process for fabricating beam tunnel for folded-waveguide circuit 

In order to fabricate the hollow beam tunnel together with the serpentine waveguide, 

several methods were proposed and employed to machine it [19, 20, 32]. The existing 

processes for machining hollow beam tunnel fall into two types. One type of 

processes is using photolithography technique to form the mold of the beam tunnel, 

while another type is to machine the beam tunnel via a different technique rather than 

photolithography, like micro-EDM (Electrical Discharging Machining) after 

fabricating the serpentine waveguide.  

The first type of processes has an advantage since photolithography is a 

widely-used precise pattern transfer technique. However, the unique structure of 

folded waveguide cannot be formed in a single photolithography step. Instead, the 

folded waveguide is divided into two symmetric halves, and fabricated separately. For 

each half, the half beam tunnel and the half serpentine waveguide are patterned on 

different step with photolithography, respectively, as they have very different 

thickness from the perspective of microfabrication. The symmetric halves of folded 

waveguide are aligned together after each half finished. One of the disadvantages of 

this process is that additional alignment errors and machining complexity are involved. 

Typical examples of this process are based on two-step LIGA and DIRE [13, 20, 32]. 

Another apparent disadvantage is that only a beam tunnel with rectangular or square 

cross-section can be obtained, because photolithography is a two-dimensional pattern 

transfer technique. 

Another type of process is to fabricate the serpentine waveguide with 

photolithography and electroplating at first, and then to create the hollow beam tunnel 

with a different technique, for example micro-EDM. The advantage is that fever 

photolithographic steps are involved, which will simplify the process to a certain 

extent. Micro-EDM sounds a plausible method for micromachining long and narrow 
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Spin-coating
1st layer Soft-bake 1st lithography

(fixing fiber)Fiber embedment

Spin-coating
2nd layerSoft-bake

2nd aligned
Lithography
(serpentine
waveguide)

ElectroplatingRemoval of SU-8
mold and fiber

Figure 3.4 Schematic flow chart for fabricating folded waveguide with circular cross-section 
beam tunnel. 

tunnel. But as mentioned in reference, the bur-clogging problem inside serpentine 

waveguide occurred during micro-EDM process, severely distorts the 

LIGA-fabricated folded-waveguide structure, therefore prevent the application of 

micro-EDM for machining long tunnel with circular cross-section [20]. 

3.2.2 Novel process for micromachining circular cross-section beam tunnel  

To fabricate the long and narrow centimeters-long beam tunnel of the circular 

cross-section, we applied optical fiber embedment as the sacrificial structure for the 

beam tunnel in the ultra-thick SU-8 process. The brief process flow is designed as 

listed in fig.3.4. At least two times spin-coating of SU-8 photoresist and multiple 

photolithography are required in this process. The optical fiber is embedded between 

two steps of spin-coating. The serpentine waveguide mold is obtained at a single 

photolithographic step. A comparison between the novel process we proposed and the 

normal SU-8 based UV-LIGA process is illustrated in fig.3.5. In the normal 

fabrication procedure, folded waveguide is divided into two symmetric halves, and 

fabricated individually. For each half, the mold of beam tunnel (with rectangular 

cross-section) and the mold of serpentine waveguide should be formed separately 

through two-step coating and lithography, as given in the upper picture of fig.3.5(a). 

After electroplating of copper, the mold will be removed, and the two symmetric 

halves need to be aligned together (see the lower two pictures of fig.3.5(a)). While for 

our novel fabrication procedure, a sacrificial structure of beam tunnel—the optical 

fiber is embedded in the SU-8 mold of serpentine waveguide, as shown in the upper 

picture of fig.3.5(b). After development of photoresist, electroplating of copper will 
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(a)                             (b) 
Figure 3.5 Schematic chart of (a) normal procedure and (b) novel procedure for fabricating 
copper folded waveguide. 

take place. The fiber need to be dissolved in hydrofluoric acid following 

electroplating, and then the SU-8 mold need to be removed, as revealed in the lower 

two pictures of fig.3.5(b). 

Because the fiber is very thin and flexible, it is difficult to fix the fiber in position 

due to strong stress introduced in the SU-8 photoresist during baking. In order to fix 

the fiber in position, we designed additional process steps and introduced additional 

structures to keep the fiber in position. As illustrated in fig.3.6, we introduced 

pillar-pairs before the embedment step of the fiber, and these small pillar-pairs and the 

following exposure step will keep the fiber against the in-plane deflection. 

The thickness uniformity of SU-8 layer is another important factor for the ultimate 

full-copper folded waveguide and for the out-of-plane bending of the embedded fiber, 

because it determines the structural uniformity across the whole circuit. We applied 

additional processing steps to improve the thickness uniformity for the ultra-thick 

SU-8 structure. 

For the ordinary spin-coating process, the thickness of photoresist and uniformity 
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Un-exposed SU-8

 
Figure 3.6 Fiber embedment and pattern transfer procedure: A. forming of micro pillars by 
UV-exposure for fixing fiber in 1st SU-8 layer; B. placement of fiber; C. UV-exposure for fixing 
fiber in position; D. coating of  2nd SU-8 layer; E. pattern transfer of serpentine structure onto 
ultra-thick SU-8 layer 

of thickness seems to be contradictory, as the thickness achieved is proportional to the 

viscosity and inversely proportional to the spin-speed. Therefore, to achieve 

ultra-thick SU-8 structure, both high-viscosity photoresist and low spinning speed are 

required in the spin-coating process. For example, to obtain a layer of ~500 

micrometer, usually we have to use very viscous SU-8 photoresist Microchem model 

2150 and spin-speed as low as 1000 rpm [90]. The side effect of high viscosity and 

low spinning speed is obvious: The control of thickness uniformity becomes more 

difficult. Severe edge bead will be created near the edge of the wafer right after 

spin-coating, and this will result in poor contact for the contact lithography and severe 

out-of-plane bending of the fiber embedded in the SU-8 photoresist. The thickness 

difference is estimated to be > 80μm across the SU-8 coated on a 4-inch silicon wafer, 

then the average thickness is around 500μm. 
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To minimize the impact of edge bead, we applied two additional steps to remove 

the edge bead following the ordinary spin-coating, as illustrated in fig.3.7. During step 

D, we use syringe filled with acetone and spray the acetone onto the edge of SU-8 

layer through a needle, when the substrate is kept on a very low spinning speed. The 

acetone will dissolve the SU-8 and reduce the viscosity. Then a higher speed spinning 

step is applied for ~10 seconds, to spin off the low-viscosity part of the SU-8 layer 

dissolved by acetone, resulting in a layer without edge bead. As a consequence, the 

thickness uniformity of the SU-8 structure can be improved greatly, and the 

out-of-plane bending of the fiber embedded inside SU-8 structure can be relieved. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Spin speed
(rpm)

Time

Additional step for
Edge bead removal

A

B

C

D

E

 

Figure 3.7 Spin-speed profile versus time. A is the initial spinning step; followed by step 
B to further spread the photoresist at a higher speed; then reach the highest spin-speed 
and stay for ~30 second. During additional step D, acetone is sprayed on the edge of 
SU-8 layer and dissolves it; then accelerated to a high speed again to spin off the 
acetone together with the edge bead of the layer. 
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4 Summaries and Outlooks 

Summaries of the articles 

In our research, both theoretical analysis and electromagnetic field simulations have 

been carried out on the folded-waveguide slow-wave circuit for the Terahertz 

traveling-wave tubes. Ultra-thick SU-8 process is employed to fabricate the folded 

waveguide mold, and the process development also helps to improve the smoothness 

of sidewall for the SU-8 folded waveguide mold. To fabricate the longitudinal 

electron beam tunnel across the whole folded waveguide, we applied optical fiber 

embedment in the SU-8 photoresist. Through our study, better knowledge is 

accumulated on the design of folded waveguide circuit  simulation and optimization 

for both the cold circuit properties and beam-interaction circuit properties of this 

slow-wave circuit, which can be used as a basis for developing Terahertz 

folded-waveguide traveling-wave tubes. Our research efforts and new ideas on the 

microfabrication process development for miniaturized folded waveguide circuit 

contribute to the development of folded waveguide circuits. The summaries of four 

articles and the major conclusion of the thesis are given as follow. 

1 Parametric Simulation and Optimization of Cold-test Properties for a 220GHz 

Broadband Folded Waveguide Traveling-wave Tube 

The cold-circuit analysis and parametric simulation were described in the first paper. 

The analysis on cold circuit properties of folded waveguide circuit reveals a very 

broad pass-band of ~80GHz, which refers to the band between the cut-off frequency 

and the 1st stop-band. How the structural parameters of folded waveguide circuit 

influence the cold-circuit (without presence of electron beam) properties is also 

studied and well understood via parametric analysis based on the electromagnetic 

field simulations. Optimization of the key cold-circuit property, i.e. the beam-wave 
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interaction impedance, was carried out on some crucial structural parameters with 

discrete matrix method, to achieve a balance between the requirements for high gain 

and broadband. Optimized cold-circuit properties also pave the way for further 

beam-interaction circuit simulation and optimization. Pierce small signal theory was 

also used to predict the linear gain and three-dB bandwidth based on the simulated 

cold circuit properties. 

2 Particle-in-cell Simulation and Optimization for a 220GHz Folded-Waveguide 

Traveling-wave Tube 

In the second paper, the beam-wave interaction simulation and optimization for a 

220GHz central frequency folded-waveguide circuit were presented. Beam-interaction 

circuit simulation (with real electron beam present), i.e. particle-in-cell (PIC) 

simulation were made based on the optimized parameters from the cold-circuit 

simulations and optimizations. Not only the amplifier properties of the folded 

waveguide traveling wave tube were verified by PIC simulation, but also further 

optimizations on the output power and gain of traveling-wave tube were able to carry 

out with the help of PIC simulation. Phase velocity taper of electromagnetic wave 

near the output end is proven as an effective way to improve the gain, output power 

and efficiency. The optimized peak saturate output power under loss-free simulation, 

is ~70W at the central frequency. Our optimized results show that up to 70% 

improvement of the saturated output power can be achieved via proper phase velocity 

taper. As predicted by the loss-free PIC simulation, our optimized design has a 3-dB 

bandwidth of ~15 GHz and saturated output peak power of 70W for continuous wave. 

The impact of the transverse shape of electron beam tunnels, i.e. square and circular 

cross-section, on the amplifier characteristics of folded waveguide traveling-wave 

tube was also studied. Our PIC analysis reveals that the folded-waveguide circuit with 

circular-cross-section tunnel provides better beam-wave interaction than the one with 

square-cross-section tunnel, given the same beam fill factor. With 

circular-cross-section beam tunnel, folded waveguide circuit exhibits higher gain and 
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efficiency, and similar bandwidth in our PIC simulation, comparing to the one with 

square-cross-section. This result implies that using circular cross-section tunnel is 

possibly a good choice to enhance beam-wave interaction within folded-waveguide 

slow-wave circuit. 

3 Characterizing and smoothing of striated sidewall morphology on UV-exposed 

thick SU-8 structures for micromachining millimeter wave circuits 

In the third published paper, the analysis on striated sidewall profile and the effort 

on smoothing the sidewall of the ultra-thick SU-8 structure were reported. We 

quantitatively analyzed the sidewall striated morphology via CLSM and found out the 

probable root cause for the sidewall striation. The sidewall smoothness is greatly 

improved through proper control of the post-exposure-bake condition, i.e. the baking 

temperature and time. The RMS line sidewall roughness is decreased from ~1 m to 

~70 nm. We also carried out analysis on the striated sidewall profile of the SU-8 mold 

via conformal laser scanning microscopy. It is reasonable to believe that dynamic 

roughening process during development contribute a lot to the striation of sidewall 

profile. With the help of atomic force microscope, we found out that the sample 

fabricated with optimized process parameters has RMS sidewall surface roughness as 

low as 2.6 nm, which ensures better controlling the conduction loss of the resulting 

full-copper folded waveguide circuit. 

4 A Novel Approach to Micromachine Terahertz Folded-Waveguide Slow-wave 

Structure with Beam Tunnel of Circular Cross- section 

In the last manuscript, the development of a novel microfabrication process for 

machining folded waveguide with circular cross-section was presented. Considering 

its benefit, we aim at developing a new process for machining circular-cross-section 

beam tunnel for the folded-waveguide circuit. A novel process was proposed in our 

study. Optical fiber was embedded onto the SU-layer as sacrificial structure for the 

cylindrical hollow beam tunnel. We achieved well-confined fiber embedment inside 
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our SU-8 mold. The thickness uniformity of SU-8 structure is also improved. This 

novel process also guarantees lower alignment error during micromachining. 

Outlooks 

As the PIC simulation tool we used does not support lossy circuit simulation well, 

further study of folded waveguide circuit needs more comprehensive simulation on 

the lossy circuit, to better verify the design of folded waveguide traveling-wave tube 

amplifier. 

Further process developments are also required, including the low-stress 

electroplating of copper on the ultra-thick SU-8 structure, the removal of optical fiber 

after electroplating and the fly-cutting to obtain the desired thickness for the copper 

structure. 

High frequency measurement is also needed after fabrication of the entire folded 

waveguide. The reasonable way is to measure the eigenfrequency of the folded 

waveguide for verifying the cold circuit properties with the simulated results before 

the TWT device can be finished. 
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