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Summary(Bulk and micromachined lumped elements have been designed and realized on silicon and GaAs wafers during the first year of the MEMSWAVE Project. In particular, S and Meander inductors, and Interdigital Capacitors with eight and sixteen fingers have been obtained. Those components have been experimentally characterized up to 40 GHz by means of an on wafer measurement system composed by a probe station and a HP8510C vector network analyzer.

Further results are presented on the technological processing for the realization of simple coplanar waveguide (CPW) structures on silicon wafers, together with the design criteria and the experimental validation of the obtained structures. A comparison is performed between CPWs realized on bulk silicon wafers and on SiO2/Si3N4/SiO2 membranes to demonstrate the better performances obtained by using the membrane solution. Owing to an intrinsically improved ground control, CPW configurations are favoured for the next generation of subsystems in the millimeter wave range, thus being suitable of applications for simple interconnections as well as for MMIC and sensor applications. In this report, the realization of 75 ( CPWs on bulk Si wafers and on SiO2/Si3N4/SiO2 membranes is described, together with their design and microwave characterization.

The modeling of bulk and micromachined lumped components has been performed to compare the results obtained by means of: (i) a circuital approach, using the commercial software package HP Microwave Design System (HP-MDS®), and (ii) an electromagnetic one based on the SONNETLite® planar, electromagnetic simulator.

The reason for such a comparison is to exploit the possibilities for the simulation of lumped components utilizing coupled line elements, right angle bends and tee-junctions.

In the case of the circuital approach, except for the level of the losses, the agreement between experimental results and simulations is improved up to a satisfactory level by increasing the number of coupling effects considered within the structures. This improvement is particularly evident when components on membrane are exploited, i.e. for planar components characterized by a very low dielectric constant.

For the CPW transmission lines, the discontinuity presented by the intermediate region passing from the bulk wafer to the membrane has been modeled by averaging the dielectric constant in that region. The imposed analytical constraints will be presented in the body of this report, together with the satisfactory comparison with experimental results.

The design, realization and test of open end stub filters on bulk GaAs are also included in this report. As for the lumped elements, the coupled microstrips approach has been used for simulating filtering configurations. Moreover, the electromagnetic treatment has been done (when possible) to properly account for the planar coupling effects without the approximations of the circuital simulations. Experimental results compared to the simulations are also given in the present report.

Actually, the available program for planar EM simulation does not allow always the simulation of the series stub filters, mainly because of RAM limitations for this release (16 Mb). The above limitation implies that the structures containing a wide metallized area with many coupling regions can not be easily meshed within the resolution limits. On the other hand, when the EM simulation is possible gives a good agreement in terms of cutoff frequencies and coupling treatments.

Experimental and theoretical results on lumped elements realized on polymide membranes conclude this report. Advantages in using the polymide solution with respect to the usual dielectric trilayer for obtaining the membrane supported circuits are evidenced by the increase of the cutoff frequency.

Introduction and technology

Micromachined elements are suitable of microwave and millimeter wave applications because of their reduced dielectric losses and improved dispersion control. Both of the previous characteristics are particularly appealing for the millimeter wave range, where the frequency dependence of losses and dispersion are particularly important. Passive devices realized on membranes sustained by Si or GaAs wafers can obtain the maximum benefit in terms of performances and also integration with active circuits. Presently, the micromachining technology is a challange to obtain low cost, high integration and high performance subsystems useful for future ground and space applications.

1. Lumped elements

In this section, lumped elements are presented, realized on bulk GaAs wafers and on tri-layer membranes obtained by the micromachining of Si wafers performed in a KOH solution.

The components have been designed and then manufatured by means of photolithographic standard proccesses. On silicon wafers, thermal oxidation has been followed by successive depositions by CVD of Si3N4 and SiO2. Chemical etching by KOH has been used to obtain the membranes as 1.5 (m thick suspended SiO2/Si3N4/SiO2 tri-layer.

Depending on space occupancy and inductance value requirements, different kind of planar inductors can be realized in S, meander and spiral configurations. In this report, S and meander inductors will be considered in some detail. Interdigital capacitors have been also studied, with eight and sixteen fingers.

The modeling of the circuits on the base of the experimental results has been performed by using the commercial software HP microwave design system (MDS), to exploit the possibility to obtain a satisfactory theoretical prediction in terms of a planar, unidimensional circuit. In fact, an asymptotic agreement between experiment and theory is obtained by incresing the number of couplings considered within a structure. Actually, as it will be shown in detail for the S-inductor, the coplanar configuration can be reasonably approximated as compared with the experimental result by using coupled microstrip software library elements, where the external microstrip lines are grounded to simulate the coplanar structures. Encouraging results are obtained especially in the case of membrane elements, for which the substrate contribution is less important with respect to the planar coupling effects.

Electromagnetic simulations have been also performed to demonstrate at what extent the circuital approach is valid when a non-negligible number of discontinuities and couplings are included in the structures.

2. Coplanar waveguides (CPWs)

The CPWs on bulk wafers have been designed as transmission lines having electrical lengths of 90° ((eff/4) at 20 GHz (CPW#1) and 15 GHz (CPW#2), corresponding to physical lengths close to 1500 (m and 2000 (m, respectivelly, and characteristic impedance Z0=75 (. The lateral dimensions are W=40 (m for the width of the central conductor and S=100 (m for the slots. The CPWs on membrane - having the same lengths, respectively, and Z0=75 ( (W=200 (m for the width of the central conductor and S=20 (m for the slots) - have been designed accounting for an intermediate step acting as an impedance transformer. The dielectric membrane was a three-layer of 1300 nm SiO2 / 150 nm Si3N4 / 800 nm SiO2 with an effective dielectric permittivity close to 1. The substrates were high resistivity (5 k((cm) p-type <100> oriented Si wafers. On the backside of the wafers, the same tri-layer is used as a hard mask for the TMAH anisotropic etching.

Further results are presented on a second series of structures with lengths L=1500, 2000, 3000 and 4000 (m.
3. Opend end stubs and filters on GaAs

Complex microwave filter structures include both open-end and short-end stubs in series and shunt configurations. As concerns coplanar filters, the series stubs offer the advantage of compactness and exhibit low associated radiation losses and crosstalk due to their location within the center conductor. Using several open-end series stubs, connected in cascade or as reversed pairs, low-loss high quality bandpass filters can be designed and manufactured. Experimental result will be presented and compared to circuital (HP-MDS) and EM (SonnetLite) simulations. Predictions have been done for the same structures on membrane.
4. Lumped elements on polymide membranes

Experimental and theoretical results on lumped elements realized on polymide membranes conclude this report. The technological process is performed by means of the deposition of a 2.2(m thin polyimide (Pyralin PI2555 - Du Pont) layer by spining on the GaAs surface. It follows a hard backing process of the polyimide at 300 ºC. Successively, the patterning for the circuit is realized on such a polyimide film and a wet, chemical etching is used to obtain the suspended structure. Advantages in using the polymide solution with respect to the usual dielectric trilayer for obtaining the membrane supported circuits are evidenced. In spite of the increased thickness of the mebrane (2.2 (m for the polymide against 1.5 (m for the SiO2/Si3N4/SiO2 system), the effective dielectric constant is decreased (((3.50 for the polymide against ((4.38 for SiO2/Si3N4/SiO2 averaged over the entire 1.5 (m thickness), thus favouring an increase for the cutoff frequencies. Moreover, the mechanical stability is excellent as well as that of the dielectric trilayer.

Design criteria

HP-MDS simulations

The usage of microstrip elements for approximating the behaviour of coplanar waveguide (CPW) configurations has been decided to simulate by means of a circuital approach the experimental components. This choice is due to the fact that the microstrips are better known than the CPWs, and for this reason a huge number of analytical and numerical results are available for microstrips, while a few number of purely coplanar elements are presently available in the software circuital libraries. On the other hand, an electromagnetic simulation is the only one which should be able to give results quite close to the experimental conditions, because both the structure and the boundaries can be properly defined. However, it has to be stressed that a precise electromagnetic modeling is time consuming and more expensive with respect to a simulation based on analytical and numerical models, like those implemented in circuital simulators.

The treatment by means of coupled microstrips is particularly effective when lumped elements realized on membranes are considered, because the planar arrangement of lines placed on a medium with a very small effective dielectric constant and having a separation between them in the order of few tens of micron is more sensitive to the planar coupling.

Since there are limitations in the analytical models of the coupled microstrips, mainly related to ratios like width/thickness and gap/thickness, we have preliminarly simulated the behaviour of two coupled lines to understand if the maximum allowed thickness for the GaAs substrate in the simulation (249 (m) could be a good approximation for the real case (380 (m for GaAs). No significative differences have been recorded for thicknesses higher than 240 (m, thus allowing the validity of the t=249 (m value for the simulations of coupled microstrip lines on bulk GaAs. The value t=249 (m must be used because of design limits in the case of more than two coupled lines, while t=380 (m can be used when only two coupled lines are considered. There is no problem for Si wafers, which by our exstimations shoud be 250 micron thick after the etching processing.

An effective dielectric constant ((1 is not always allowed for coupled microstrip models. The lowest limit is 2.5 in many cases. This is the source of a warning in the simulations. Moreover, a suspended substrate component is not suitable for our simulations because, in spite of the the possibility to have a dielectric constant with a value as close as possible to unity, two drawbacks have to be mentioned: first of all the value of ( has to be the same in all the space surronding the metallization, while there should be a discontinuity between free space and membrane; secondly, also in this case few elements are implemented as software library components and, in particular, no bended configurations are satisfactorily modeled.

Finally, as it concerns with the value of the dielectric constant of the substrate used in the simulations, an averaged value of ( along the substrate thickness has been imposed. In fact, the crcuits on membrane can be considered as obtained on a wafer thick as the bulk one, but with a very low effective ( value. This is because the average performed on a tri-layer 1.5 (m thick with ((5 and the wafer 250 (m thick and (=11.7 (Si).

As it will be shown in the figures of the following sections, the agreement between experiment and theory looks like reasonable up to the lowest limit of the millimeter wave range (30 GHz) for bulk elements, while it is more satisfactory for the membrane ones.

SonneLite Simulations

In the case of the electromagnetic simulation, performed by using the SonnetLite software, none of the previously discussed approximations has to be introduced. Actually, the electromagnetic approach intrinsically accounts for the discontinuities and for the coupling of structures but, on the other hand, it is much more expensive in terms of the computation time.

In general, two different approaches are available for electromagnetic simulations: (i) a full wave treatment, which allows the solution of the problem in a 3D environment, (ii) the method of moments, based on the distribution of the currents, mainly useful for planar configurations or multilayer structures connected through via-holes. In the present case, the second approach has been used, which is more efficient in terms of the run-time, and does not contain significative approximations. The only limitation is in using a 2D modeling, which means that the edge discontinuity met when passing from the bulk wafer to the membrane and due to the chemical etching process can not be considered. For this reason, the CPW transmission lines will be treated only by means of a circuital approach, performing an average on the effective dielectric constant over the entire length of the edge.

In particular, dielectric losses have been included in the EM simulation, by using an order of magnitude for tan((0.002 roughly valid for all the membrane materials. The metallization has been assumed lossless, and the cell used for the simulations is a square with an approximate size of 25(25 (m2. Actually, it has been empirically demonstrated that the results of the EM simulations are more close to the experimental ones and less RAM memory is needed when the elementary cell is almost a square. Rectangular elementary cells with an aspect ratio close to 2 do not give satisfactory results. Moreover, the series stub filters have been not simulated because the minimum size of the cell used in the mesh exceeds the dimensions used for the realization of the metal stripes.

Fabrication of the lumped elements, stubs and series stub filters on SiO2/Si3N4/SiO2 membranes

The manufacturing of lumped and distributed circuit elements (capacitors, inductors, CPW series stubs) supported on dielectric membranes (1.5(m thin SiO2/Si3N4/SiO2 three- layer structure) was obtained by micromachining of high resistivity <100> and <111> oriented silicon.

The membranes were manufactured using the well known three-layer SiO2/Si3N4/SiO2 sandwich on high resistivity <100> oriented silicon. Thermal oxidation was used for the growing of the first 7500Å thin silicon dioxide layer. The nitride layer (3000Å thin) was deposed by a LPCVD. These two layers were deposited on both sides of the wafer. The third silicon dioxide layer (4500Å thin) was deposited by CVD at 400ºC, only on the top of the wafer. A CrAu layer (500ÅCr and 10000ÅAu) was then deposited by evaporation on the topside of the wafer. The structures (inductors, capacitors, filters etc.) are defined on this layer. The windows for membrane etching were opened on the bottom side of the wafer together with patterning of the lumped elements on the top, using double alignment technique. 

Measurement System
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Figure 1. Two views of the on-wafer measurement system recently installed at the CNR unit in Roma as an example of the measurument technique. A Karl Süss MP5 Probe Station equipped with Picoprobe probes G-S-G for testing coplanar structures up to 50 GHz is connected to a HP8510C Vector Network Analyzer working between 45 MHz and 50 GHz. Wafers from 4” down to 1” can be mounted on a porous chuk controlled by a vacuum pump. The Probe Station is placed onto an Intracel non-vibrating table.

S-Inductor

The configuration designed for the coplanar S-inductor is that shown in Figure 2. In Figure 3 it is also shown a series of scanning electron microscopy (SEM) photos of the realized structure. As a first trial, circuital simulations of this configuration have been performed by assuming coupling only between the microstrip sections of the inductor very close to the lateral ground planes. Successively, also the couplings within the structure have been considered, as from Figure 4, where the model used to simulate the S-inductor by means of HP-MDS is diagrammed. In Figure 5 is depicted the picture obtained by the SonnetLite simulator for the S-inductor and used for the EM simulation.

The experimental results and their comparison with the circuital simulations and the electromagnetic ones are described from Figure 6 to Figure 8.
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Figure 2. S-inductor configuration realized on bulk GaAs and on membrane. The dimensions are in micron. The gold pattern is the metallization.
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Figure 3. Practical realization of the S-inductor on a dielectric membrane. Photo from top (A), bottom (B), and tilted (C) realized by a scanning electron microscope (SEM).
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Figure 4. Full modeling of the S-inductor for the HP-MDS circuital simulations. CPWs are approximated by coupled microstrips and up to five coupled lines are considered.
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Figure 5. Electromagnetically modeled S-inductor. A real CPW structure is used.
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Figure 6. S21 parameter measured on a S-inductor realized on bulk GaAs (Exp, continuous line) compared with the two simulations described in the text, by including coupling only between ground and external lines (Bulk, dashed) and up to five coupled lines (Bulk5, points). Actually, in spite of the distance between them, also the sections of the inductor forming the square loops have to be considered, as evidenced by the experimental data of the S21 parameter compared with the theoretical ones obtained (i) by imposing a coupling between the horizontal microstrip sections and the ground planes only, and (ii) by using software library components where up to five coupled horizontal or vertical sections are considered. Right angle sections have been also used, and, in the region where the inductor starts from the central feeding, tee junctions too.
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Figure 7. Electromagnetic simulation of the S-inductor on the GaAs bulk wafer.
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Figure 8. S21 parameter measured (Exp, continouous line) and simulated (Theoretical, dashed line) for the S-inductor realized on membrane.
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Figure 9. Electromagnetic simulation of the S-inductor on membrane.

From the presented figures, it is evident the improvement of the circuital approach in the simulation obtained by using an increased number of coupled microstrips, especially looking to the shift of the first peak, which is now quite close to the experimentally measured 23 GHz.

The EM simulation is quite satisfactory for both, the shape of the response and the level of the losses.

The S-inductor component realized on micromachined membranes on Si has been simulated by using the same approach introduced for the bulk circuit. As it is evident from the previous Figures, the scattering parameter has an agreement with the predicted one much better that in the case of the bulk circuit. It can be explained in terms of the increased contribution of the coupling between the arms of the inductor in the plane and a decreased importance of the substrate model when the effective dielectric constant is close to unity. In this case, the validity of the approach is much more efficient over an extended frequency range. The previous comments can be considered valid also in the case the EM simulation on membrane, where the level of losses is more close to the experimental one.

Meander Inductor

The meander inductor, realized on bulk GaAs and on membrane, is shown in Figure 10. In Figure 11 a schematic diagram of the practical realization is presented, and in Figure 12 the layout used by SonnetLite for the EM simulations.

For this component, the number of coupled elements is so high that the contribution coming from the grounds is less effective, and the microstrip approach is very close to that of a CPW.

The results of the simulations obtained for the S21 scattering parameter by using the circuital approach are shown in Figure 13, while in Figure 14 is plotted the EM simulation. Concerning the bulk component, the microstrip modeling gives results not dissimilar with respect to those obtained for the S-inductor. In fact, the lack of the approximations introduced in the simulations is also in this case evident for frequencies higher than 30 GHz ca. In Figure 15 and 16 are plotted the results for the structure on membrane, including experimental results, and circuital and EM simulations. Also in this case, it is evident the necessity of an EM approach, to be refined in order to include in the real case the dielectric losses and the metallization contribution, but some technological inaccuracy should be mainly responsible for the measured losses.
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Figure 10. Meander inductor configuration for bulk GaAs and silicon micromachined substrates. The ground planes configuration is the same as that for the S-inductor.
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Figure 11. Diagram (a) and photos (b,c) of the practical realization of a meander inductor on a tri-layer dielectric membrane. The photos are for the top (b) and bottom (c) view of the meander inductor manufactured on SiO2/Si3N4/SiO2 membranes supported on <100> silicon.
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Figure 12. Electromagnetic configuration used for the SonnetLite simulations.
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Figure 13. S21 parameter for the bulk meander inductor.
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Figure 14. Electromagnetic simulation for the meander inductor on bulk. Losses are underexstimated with respect to both, experiment and circuital simulation, mainly because the metallization contribution has been neglected. 
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Figure 15. S21 parameter for the meander inductor on membrane.
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Figure 16. Electromagnetic simulation of the meander inductor on membrane.

Interdigital Capacitors

Interdigital capacitors with eight and sixteen fingers have been obtained by means of the same technological processes already described at the beginning of this report. In Figures 17-19 are shown respectively the design, the practical realization and the EM layout used by SonnetLite.

Also in this case, the first approach for the simulations was to connect in cascade coupled lines and microstrip gap models, to realize from elementary steps the entire structure.

On the other hand, center fed software library components are also available for this circuit, and they have been demonstrated more close to reality, especially for the high frequencies. In Figure 20 it is shown the comparison, for the eight fingers circuit, between the experimental results and those obtained by simulating a re-constructed circuit and a library component, while the Figure 21 exhibits the EM simulation results. The simulations performed on the same circuit realized on membrane are less sensitive to the difference between the model re-constructed by means of elementary pieces and that obtained with a library component. For this result, the same comment as for the meander and S-inductors can be applied, because coupling on the plane is much more important and the substrate contribution is negligible. Anyway, the library component is still a little bit better with respect to the theoretical one. The results for circuits on membrane are summarized in Figure 22 (experiment and circuital approach) and in Figure 23 (for the EM simulation).
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Figure 17. The eight fingers interdigital capacitor.
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Figure 18. Practical realization of the 8-finger interdigital capacitor on membrane. SEM photo.
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Figure 19. Configuration for the eight fingers capacitor used for the electromagnetic simulation.
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Figure 20. S21 parameter for the eight fingers interdigital capacitor on bulk GaAs. The experimental result (Exp, continuous curve) is compared to the theoretical one (Theo, dashed line) composed by small elements and to the library software component (Lib, line with points).
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Figure 21. Electromagnetic simulation of the small interdigital capacitor.
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Figure 22. S21 parameter for the small capacitor on membrane. The difference between experimental, theoretical and library curves is now less pronounced with respect to the bulk circuit.
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Figure 23. Electromagnetic simulation of the small interdigital capacitor.

The same simulations have been performed on a sixteen fingers interdigital capacitor (design in Figure 24). Results are shown for the S21 parameter for the two cases of bulk (Figure 25) and membrane (Figure 26) configurations.

The agreement between theory and experiment for the big capacitor is quite unsatisfactory for both the bulk and the membrane components, which can be partially explained in terms of the previous considerations. Actually, the number of couplings in this particular circuit is so high that a number of errors related to the geometrical constraints are received during the circuital simulation. The dimensions used do not allow any simplification. Concerning the EM simulations, the SonnetLite version does not allow the treatment of circuits which need more than 16 Mb, and unfortunately this was the case.
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Figure 24. Sixteen fingers interdigital capacitor.
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Figure 25. S21 parameter for the bulk sixteen fingers interdigital capacitor.
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Figure 26. S21 parameter for the big interdigital capacitor on membrane.

CPW Transmission Lines

In this section, the experimental results on CPW transmission lines are presented in comparison with the theoretical ones obtained by means of the commercial software package HP MDS. In particular, an averaged value of 2.8 (m for the gold thickness, and effective dielectric constants ((6.35 and ((1.01 have been imposed for the intermediate and for the membrane regions, while ((11.7 was used in the case of bulk silicon. 
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Figure 27. Edge discontinuity due to the chemical etching of the silicon wafers
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and t(Si3N4) e t(SiO2) are the thicknesses of the layers for Si3N4 and SiO2.

In this way, the averaged values of the dielectric constant are obtained for the three regions of the previous Figure 27, as they are shown Table I. tan(=0.002 has been assumed for Si and (overexstimated) for the intermediate region, and tan(=0.0 in the membrane region, where practically only air is present.

Table I. Values of the effective dielectric constants for the three regions, and the assumed dielectric loss.

(
SiO2/Si3N4/SiO2
tan(

(1
11.679145
0.002

(2
6.344387
0.002 (overexstimated)

(3
1.0099630
0
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Figure 28. 75 ( copanar waveguide designed on bulk Si wafer. In our case: W=40 (m, S=100 (m (2S+W=240 (m), W0=1000 (m, L=1500 (m. The dimensions have been chosen for electrical matching at 20 GHz. The structure has been repeated for L=2000, 3000 e 4000 (m.

The CPWs on membrane have been designed accounting for an intermediate step acting as an impedance transformer. The step dimensions have been computed by using effective dielectric constant values in the regions where (i) only a graded Si wall remains after the etching process, and (ii) only the membrane is present. In such a configuration, the intermediate step acts as a pedestal for the microwave probes, which can not be sustained by the menbrane. The length l of the intermediate region is computed as:
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being t=525 (m the wafer thickness and (=54.7° the well known value of the etching angle. To account for technological limits in direct writing processes, the value (=380 (m has been used for the realization. By imposing a characteristic impedance Z0=75 (, with reference to Figure 29 the values WII=SII=80 (m have been chosen for the intermediate region, while in the membrane region we have WIII=200 (m and SIII=20 (m.
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Figure 29. CPW on membrane. WII=80 (m, LII=380 (m, WIII=200 (m, LIII=1500, 2000, 3000 e 4000 (m, SII=80 (m e SIII=20 (m. As in Fig.1, 2SII+WII=2SIII+WIII=240 (m.

As it will be discussed later, the dimensions have to be re-scaled in the software simulations to account for underetching effects induced by the technological processes, which slightly change the imposed dimensions and, consequently, the Z0 value.

CPW Fabrication

Coplanar waveguide structures were fabricated on bulk Si and on dielectric membranes. The substrates were high resistivity (5 k((cm) <100> p type Si wafers. The dielectric membrane, used to support the coplanar waveguide, was a three-layer of SiO2/Si3N4/SiO2 with an effective dielectric permitivity close to 1. On the backside of the wafers, the same three -layer is used as a hard mask for the TMAH anisotropic etching. First 500 nm of TEOS were deposited by LPCVD at 718 °C, followed by a thermal oxidation, at 975 °C for 410 min to obtain the final thickness of 1300 nm. 150 nm of LPCVD silicon nitride was then deposited at 775 °C followed by the last 800 nm of TEOS oxide. The windows for the membrane etching were defined on the backside, followed by the dry etching of the SiO2/Si3N4/SiO2 layer. For the Au deposition two different ways were explored: Au electrodeposition and PVD by thermal evaporation. In the first case a seed layer composed of 30 nm Cr and 100 nm Au was evaporated on the front side. The structures were defined using three layers of photoresist (in order to obtain a total resist thickness higher than 3 µm) and then 2.7 µm of Au were grown by electrodeposition in the resist free windows. Finally the seed layer was removed by wet etching, after the photoresist has been stripped off. In the second case both 30 nm of Cr and 2.3 µm of Au were thermally evaporated and then the desired structures were obtained by wet etching. This second technique is shown to be much less reliable due to its poor dimensional control of the metal lines. The causes relay in the isotropic behaviour of the etching and in its poor uniformity (the etch starts at the edge of the wafer and proceeds slowly towards the centre) resulting in a severe and not uniform underetching (5 - 10 µm). The membranes were obtained by removing the Si from the backside, using as anisotropic etching 25% TMAH in water at 90°C (etch rate 40 µm/h). In order to avoid the thickness reduction of the top oxide layer of the membrane (oxide etch rate about 40 nm/h) the wafer frontside was protected by a stainless steel holder, until the Si thickness was about 30 μm. The obtained membranes were slightly deformed due to the compressive residual stress. Actually, this is not expected to result in an altered performance of the device. On the other hand, by increasing the thickness of the Si3N4 layer (tensile stress) and decreasing the thickness of the thermal oxide layer (compressive stress) a residual tensile stress can be achieved, and consequently flat membranes can be realized. 

Experiment and simulations

In what follows, the experimental results are presented in comparison with the theoretical ones obtained by means of the commercial software package HP MDS. The underetching effects with respect of the designed structures have been taken into account. As it is shown, the behaviour of the realized CPWs is in reasonable agreement for all the lengths simulated. In particular, an averaged value of 2.8 (m for the gold thickness, and effective dielectric constants ((6.35 and ((1.01 have been imposed for the intermediate and for the membrane regions, while ((11.7 in the case of bulk silicon. The measurements have been performed by means of a microwave probe station connected to a HP vector network analyzer 8510C.
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Figure 30. Top view of a coplanar waveguide over the dielectric membrane. The central section of the Au line, over the membrane, is 1500 µm long. The membrane is slightly deformed.
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Figure 31. Reflection scattering parameter S11 simulated and measured for CPW #1 on membrane (1.5 mm long).
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Figure 32. Transmission scattering parameter S21 simulated and measured for CPW#1 on membrane (1.5 mm long).
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Figure 33. CPW #2 (2 mm long): improvement of the operating frequency range due to the membrane structure, S11 parameter.
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Figure 34. CPW #2, improvement of losses, membrane vs bulk, as in the previous figure, S21 parameter.
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Figure 35. Improvement in the level of losses for CPW #2, by increasing the gold thickness from  T=2 (m to T=3 (m, parameter S11.
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Figure 36. CPW #2, improvement induced by the increase in the gold thickness, parameter S21.
The measurements have been performed by means of a microwave probe station connected to a HP 8510C vector network analyzer.

The reflections and the consequent lack of electrical matching, measured and simulated for the bulk CPW #2, were clearly due to the designed value of the characteristic impedance Z0=75 ( (not 50 ( like the network analyzer reference impedance ports); one can notice that the measured CPW exhibits good matching at 30 GHz, because CPW#2 (2mm long) on bulk is half-wavelength long at 30 GHz and - consequently - its presence practically doesn’t disturb the 50 ( measuring system. It is worthnoting the improvement obtained by the structures on membrane; in fact, the bandwidth of the CPWs on membrane is much wider than that available for the bulk configurations. Actually, the location of the frequency notches are sensitively higher than the experimental limit of 40 GHz because of the dramatic decrease of the dielectric permittivity, thus allowing a more extended frequency range where constant reflection conditions are measured. In Figures 31 and 32 it is shown the response of the CPW #1 as compared to the theoretical expectations. In Figures 33 and 34 it is plotted the behaviour of the CPW on membrane vs the response of the bulk configuration, to stress the increase of the operating frequency range and the decrease of losses when the membrane solution is adopted. In Figures 35 and 36 it is clearly shown the improvement introduced by the gold thickness on the microwave performances, as it is related to the skin depth effects.

Further results on CPW transmission lines are shown in the next figures, where a set of four components (CPW1, CPW2, CPW3, CPW4) was realized and simulations have been performed by using the circuital approach. 
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Figure 37. Experimentally measured reflection parameter S11 for the CPWs realized on bulk Si. Cpw1 has a length L=1500 (m, cpw2 is 2000 (m long, cpw3 is 3000 (m and cpw4 is 4000 (m long.
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Figure 38. Theoretical S11 parameter for the bulk CPWs. The notations are the same as in Figure 34.
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Figure 39. S21 parameter for the bulk CPWs (measurements).
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Figure 40. S21 parameter for the bulk CPWs (simulations).
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Figure 41. S11 parameter for the CPWs on membranes (measurements).
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Figure 42. S11 parameter for the CPWs on membranes (simulations).
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Figure 43. S21 parameter for the CPWs on membranes (measurements).
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Figure 44. S21 parameter for the CPWs on membranes (simulations).
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Figure 45. S21 parameter for the CPWs on membranes only (simulations).

The structures were obtaine by means of the same fabrication procedure explained at the beginning of this chapter, with Au evaporation (not electroplating) of the metallizations up to 2 (m ca. From the inspection of the Figures 37-45 it turns out that the CPW transmission lines on membranes present also the losses contribution coming from the "pedestal" necessary for measurement purposes as explained at the beginning of this section. This is a discontinuity to be accounted in the real cases. To demonstrate this point, the last performed simulation is shown in Figure 45 for the S21 parameter of a structure made by a membrane only, having the same lengths imposed to the bulk CPWs. From the comparison with the theoretical curves it results that especially in the case of the CPW #1 the expected losses are smaller than 1 dB up to 30 GHz.
Open End Stub Filters

Complex microwave filter structures include both open-end and short-end stubs in series and shunt configurations. As concerns coplanar filters, the series stubs offer the advantage of compactness and exhibit low associated radiation losses and crosstalk due to their location within the center conductor. Such series stubs are designed by deforming the center conductor with two slots which are connected to the center conductor-to-ground planes slots; a new coplanar-like waveguide is formed in this manner in the center conductor of the main CPW. Being a quarter-wavelength long at the resonance frequency, a CPW open-end series stub transfers the open-circuit to a short-circuit at the connecting points to the main CPW, exhibiting a bandpass response. 

Using several open-end series stubs, connected in cascade or as reversed pairs, low-loss high quality bandpass filters can be designed and manufactured. In order to design a filter element, one has to take into consideration both the length of the longitudinal slots and of the transversal slots which connect the inner CPW to the main CPW, as well as the capacitive reactance of the open-end of the inner CPW. The elementary cell designed to be used for the filter realization is shown in Figure 46, while in Figure 47 the model used for the HP-MDS simulations is shown, based on the coupled microstrips approach. Two gap values have been used for the elementary cell (see Figure 43) and the two configurations have been both realized and tested, as from the following figures.


[image: image51.png]4600

larger gap —»(90)

normal gap——, 45

90

1250

2000

1250

CPW Zo=50 ohm

Stub Zo = 50 ohm




Figure 46. Open End stub element used as an elementary cell for the filters.
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Figure 47. Schematic used for the circuital simulation of the Open End Stub elementary cell. The dashed lines are for the coupled microstrips. Non symmetrical gaps have been also included in the circuit as library components of HP-MDS.
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Figure 48. Structure for the SonnetLite electromagnetic simulation.
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Figure 49. Experimental results on the open stub realized on bulk GaAs with the normal gap (35 (m).
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Figure 50. Circuital simulation of the open end stub with normal gap by HP-MDS, based on the schematic in Figure 47. The lack of accuracy due to the approximations in the circuital simulation is evidenced by the discontinuities in the filtering response.
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Figure 51. Electromagnetic simulation of the open end stub with normal gap on bulk GaAs. Discontinuities are not present, also if the losses level is not well reproduced.
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Figure 52. Experimental results on the open end stub with large gap (90 (m). The plot does not give an evidence for significative differences with respect to the normal gap component. For this reason, only the value of the normal gap will be considered for the next configurations.
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Figure 53. Theoretical results on the open end stub with unchanged planar dimensions but realized on membrane. The circuital approach based on HP-MDS has been used.
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Figure 54. EM simulation of the open end stub on membrane.
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Figure 55. Series stub filter. This configuration has been simulated subdividing it in three elementary cells, like those defined in Figure 47, with up to five coupled lines and with library models for non symmetric capacitive gaps.
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Figure 56. Series stub filter to be used for the simulation with SonnetLite. Actually, for this configuration as well as for other obtained by means of the cascade connection, it was impossible to get a result in a reasonable time or with an acceptable accuracy as compared to the 16 Mb limitation of the Lite release. The circuitally designed structure have line widths as narrow a 20 (m, and elementary square cells having at least 23-25 (m should be used for this structure to meet the RAM requirements, thus producing an intrinsic problem in solving the mesh for the 20 (m wide metal stripes.

[image: image61.wmf]5

10

15

20

25

30

35

40

-20

-16

-12

-8

-4

0

three stubs filter (experimental)

S

21

S

11

S

11

 and S

21

Frequency (GHz)


Figure 57. Experimental results on the series stub filter.
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Figure 58. Series stub filter simulated by means of HP-MDS with the coupled microstrips approach.
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Figure 59. Circuital simulation of the three stubs filter on membrane by HP-MDS.
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Figure 60. A four stubs filter prediction based on the circuital approach for the configuration on bulk GaAs
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Figure 61. “H”-shaped 18 GHz bandpass filter realized on bulk GaAs.
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Figure 62. HP MDS equivalent circuit model for the configuration in the previous Figure. Non-simmetric gap capacitors and coupled line elements from the MDS Library have been used also for this simulation.
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Figure 63. “H”-shaped structure used for the EM simulation.
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Figure 64. Circuital simulation of the “H”-shaped configuration on bulk GaAs. Discontinuities are present in the passband response, as in the case of the elementary cell for the open end stub filter. As it will be demonstrated in the following figures, this effect will be suppressed by using a number of cells.
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Figure 65. EM simulation of the “H”-shaped configuration. No discontinuities are present with respect to the previous figure with data on circuital approach.
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Figure 66. Filter obtained by connecting in cascade two “H”-shaped cells in the SonnetLite environment. In this case, about 70 MB of RAM are necessary to obtain a simulation by using the same resolution used for the single cell for both, bulk and membrane configuration. This is outside of the capabilities for the presently available release of the EM software, and hours of run are needed to get this result. Actually, the circuital simulation needs just few minutes, with a resulting excellent accuracy with respect to the experimental results.
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Figure 67. Experimental results on the filter obtained by means of two “H”-shaped elements.
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Figure 68. Circuital simulation of a filter realized on bulk GaAs by means of two “H”-shaped elements in cascade.
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Figure 69. Prediction of the two “H”-shaped components filter on membrane, by using the circuital approach.
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Figure 70. Cross-shaped elementary cell.
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Figure 71. Configuration used for the EM simulation of the cross-shaped cell.
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Figure 72. EM simulation of the cross-shaped cell on bulk GaAs. One discontinuity is present exactly in the center of the passband response, but it is due to numerical problems related to the minimum accepted value for the size of the elementary cell used for the simulation.
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Figure 73. Configuration with a cascade connection of two cross-shaped open stub elements builded for the SonnetLite simulation. Again, for the EM computations related to the cascade connections the memory requirements are prohibitive and the run-time too.
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Figure 74.  Experimental results on a four stub filter made by connecting in cascade four cross-shaped elementary cells.

The results of the measurements performed on the filter structures presented in this section were simulated by means of the coupled microstrips approach and electromagnetically. The modeling based on coupled microstrip lines has been used to simulate filter structures by subdividing such complicated configurations in elementary cells. The simulations are in quite good agreement with the experimental measurements. On the other hand, EM simulations were not possible because of the lack of accuracy in the mesh of configurations where 20 (m wide stripes have been builded, but at least 23(23 (m2 or 25(25 (m2 are needed to not overcome the RAM limitations.for the SonnetlLite release.

A filter to be realized on membrane has been also simulated, to predict the band enlargement and the expected frequency shifts, without optimizing the response. In particular, the “H”-shaped structure has been chosen. It has been simulated by using the circuit model. One can notice the good agreement between the modeled behavior and the experimental results. A double-“H” configuration, realized by connecting in cascade two “H”-shaped  elements has been also simulated and compared with the experiment. As a final output for this structure, the scattering parameters have been simulated also for the realization of the filter on membrane. It is worthnoting that in this case the filter has not been re-designed to optimize its response, but just simulated only replacing the bulk substrate with a dielectric membrane. However, it is evident the gain in terms of bandwidth enlargement and the increase of the central frequency.

Significative results have been obtained by using the circuital approach for all the simulated filtering structures, especially when filters obtained by a cascade connection of elementary cells are exploited. It has been demonstrated in this way that a filter design is possible by means of the coupled microstrips design if their dimensions are properly calibrated within some analytical and numerical constraints.

Lumped Elements on Polymide Membranes

Fabrication

Polyimide membranes manufactured on GaAs substrate have proved to be a very good support for millimeter wave circuit elements both from mechanical as well as from electrical point of view. The technological process starts with the deposition of a 2.2(m thin polyimide (Pyralin PI2555 - Du Pont) layer by spining on the GaAs surface. It follows a hard backing process of the polyimide at 300 ºC. A TiAu metallization (500 Å titanium, 16000 Å gold) was realized by e-beam technique on the top of the wafer over the polyimide. A photoresist layer was then deposited on both sides of the wafer. The bottom resist layer is used as mask for the etching of the GaAs substrate. By a double alignment technique, windows for the lumped element manufacturing and for membrane manufacturing are opened simultaneously on the top and on the bottom of the wafer. The mask contains lumped elements (interdigitated capacitors, meander and S-line inductors). The meander-line inductor has a total length of 8.05mm (7 meanders) with line and interspace widths of 25(m. Various GaAs etching systems were experimented. For this purpose we have used [1 (H3PO4)]:[1 (CH3OH)]:[3 (H2O2)] at 40OC, which has a uniform etching rate. Photoresist is a good mask during the isotropic etching of GaAs using this solution. A bottom SEM photo of the polyimide membrane supported meander inductor is presented in Fig. 75. One can see the typical side-walls for the isotropic etching of GaAs. The polyimide membrane has very good elastic properties and is mechanically resistent. A very low number of circuits were damaged after removing the GaAs substrate. 
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Figure 75. SEM photo of the bottom view for the meander inductor supported on polyimide membrane on GaAs substrate.
The planar lumped inductors were designed using a quasi-static method, taking into account the dependence of mutual inductances versus frequency due to the total electrical length of the inductor strip (see Figure 76).
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Figure 76 . Meander inductor equivalent circuit
Meander inductors - with the same layout - were manufactured in coplanar configuration both on thin dielectric membranes (polyimide and SiO2/Si3N4/SiO2) and on bulk substrates (semiinsulsting GaAs and <100> oriented high resistivity silicon). The inductors were measured using an "on-wafer" microwave measurement set-up connected to a 40 GHz network analyzer. The results of the S parameter measurements performed on the coplanar meander-line inductor are presented in Figure 77 (solid lines - “Exp”). 
One can notice an improvement of the first (shunt) resonant frequency of the polyimide membrane supported meander-line inductor (by a ratio of about 2), compared to bulk GaAs supported inductors; an improvement of the resonant frequency by a ratio of 1.84 was noticed compared to bulk <100> oriented Si supported inductors. The resonance frequency of the inductor manufactured on SiO2/Si3N4/SiO2 membrane is similar. As concerns the membrane supported planar inductors, the measurements have also brought into relief the symmetrical shape of the S parameter plot versus frequency.

The elements of a lumped equivalent circuit model suitable for planar inductors, able to show accurate broadband analytical performances and to be conveniently used for on-line design and optimization tasks, were computed. This lumped-element equivalent circuit allows the designers to perform the modeling of microstrip and coplanar inductors manufactured both on bulk substrates and on thin dielectric membranes. It can be used up to frequencies two times larger than the first resonant frequency (see Fig. 8.a,b,c,d), for different geometrical configurations.

The meaning of the equivalent circuit components is obvious: L = inductance; RS = series resistance (conductor losses); RP = shunt resistance (dielectric losses); Ci,o = input / output capacitances to ground (Ci = Co for meander and "S"-line inductors); CC = central capacitance to ground; Cb = coupling capacitance between strips (turns).

The computed values of the lumped equivalent circuit elements which fit the measured S parameters of the coplanar meander inductors - as shown in Figure 77 (“Model” lines) - are presented in Table 1. It is important to notice that the proposed equivalent circuit is able to simulate the behavior of the meander-line coplanar inductors up to twice the shunt resonance frequency, with fewer circuit elements as compared to other broadband equivalent circuits. Larger simulation bandwidth has been obtained with a more complex equivalent circuit, built with two cascade connected lumped (shown in Figure 76) cells.

There is a good agreement between the computed inductance values and the values extracted using the proposed lumped element equivalent circuit. According to expectation, the membrane supported inductors exhibit lower values of the inductance, due to the different phase shift along the conductive strips, as well as - the most important feature - a substantial decrease of parasitic capacitances. 

Table 1

Type of substrate
L/2 (nH)
RS /2 (()
Ci/o (fF)
CC (fF)
Cb (fF)
RP (k()
fres (GHz)

Polyimide membrane on GaAs
1.51
13.4
2.73
17.9
2.39
17.1
24.5

SiO2/Si3N4/SiO2 membrane on Si
1.41
7.95
16.3
24.8
1.04
13.2
20.5

Bulk semiinsulating GaAs
1.53
9.52
30.4
103.5
12.8
10.2
12.1

Bulk <100> oriented Si
1.48
9.29
38.7
98.9
9.57
13.6
13.3

The EM simulation performed by means of SonnetLite is shown in Figure 78, as compared to the previously introduced experimental results and to the circuital simulation. 
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d)

Figure 77. Measured and modeled S parameters for the meander inductor on polymide membrane. An increase of the cutoff frequency with respect to the same component realized on the tri-layer dielectric substrate has been recorded. a) Polyimide membrane on GaAs supported inductor, b) SiO2/Si3N4/SiO2 membrane supported inductor, c) bulk < 100 > Si supported inductor, d) bulk GaAs supported inductor
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Figure 78. EM simulation for the meander inductor on polymide membrane, with reference to the a) sector in the previous figure. It is confirmed the trend for the experimentally recorded increase of the cutoff frequency.

Further EM simulations have been performed to theoretically demonstrate that the improvements which can be obtained by means of the polymide membrane solution are possible also for other lumped elements previously realized on the dielectric trilayer. In particular, in Figures 79-80 the 8-finger interdigital capacitor and the S-inductor have been simulated. 
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Figure 79. EM simulation for the interdigital 8-finger capacitor on polymide membrane. The same characteristic response of the previously shown components on polymide is evidenced: the cutoff frequency is shifted at higher values with respect to the same devices supported by the trilayer dielectric membrane.
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Figure 80. EM simulation for the S-inductor on polymide membrane. This figure does not correspond to experimental data for a direct comparison, as the previous one for the 8-finger capacitor, but the same considerations about the microwave performances and the increase of the cutoff frequency can be done, by comparing this plot with the Figures for the same component realized on the membrane made by the dielectric trilayer.

Conclusions

The coupled microstrip lines approach has been used to simulate coplanar configurations like CPW transmission lines, lumped elements and series stub filters by means of the commercial software package Hewlett Packard Microwave Design System (HP-MDS).

A good agreement between theory and experiment has been obtained in the range (0.1-40.1) GHz, in spite of warnings related to dimensional ratios and effective dielectric constant values which lie outside of the analytical allowed ranges.

The best results are usually obtained for membrane circuits, where the gap dimensions are much smaller than other separations, like those between the edges of the circuit and the ground planes. This results in an enhancement of the importance of the planar coupling effects.

For frequencies higher than 30 GHz, a more precise simulation by using electromagnetic software has to be performed, to account for more complicated coupling effects. Actually, the SonnetLite has been used for the lumped elements, giving good results where the circuital approach is less sensitive, i.e. for frequencies in the millimeter wave range, and it is evident for all the exploited components (S-inductor, meander inductor and interdigital capacitor).

For the CPW transmission lines, a planar 2D EM approach was not possible, because the edge discontinuity due to the chemical etching process requires a 3D approach. Actually, this was not so important for a correct simulation of the CPWs, mainly because no bends or other critical couplings were present in the structure.

In conclusion, a circuital approach gives a good comparison with the experimental results up to the beginning of the millimeter wave range, while EM software is needed at frequencies higher than 30 GHz. The only limitations coming from the presently used EM software package are due to the lack of accuracy when large metallizations and several couplings have to be meshed, and the RAM is not enough or the run-time is not convenient. On the other hand, it has been demonstrated that the circuital approach mantains its validity especially when several cascade connected cells are used for obtaining a filtering structure.
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