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Abstract

Fused silica has become an interesting alternative to silicon for millimeter-wave (mmWave) 

applications. Unfortunately, there are a few reports on the measurement of fused silica’s 

permittivity above 110 GHz that use electrical rather than optical methods. Given that mmWave 

applications use electrical circuits, additional electrical data would be useful to industry. To 

test the feasibility of electrical methods, we applied on-wafer techniques based on coplanar 

waveguide transmission lines to measure the complex permittivity of fused silica to 325 GHz. Our 

approach used the multiline thru-reflect-line algorithm on the scattering parameter measurements 

of transmission lines. Our method combined these results with dc measurements of the resistivity 

of the metals, simulations of the coplanar waveguide cross section, and dimensional metrology. 

In short, our measurements do not show significant dielectric dispersion for fused silica up to 

325 GHz. The resulting complex permittivity was ϵr = 3.87 ± 0.03 and a loss tangent tanδ < 0.005
from 320 MHz to 325 GHz. To support our conclusions, we performed an uncertainty analysis 

considering relevant sources of uncertainty. In the broader context, these results show that fused 

silica is a suitable substrate for mmWave electronics where the loss tangent must be less than 

0.005 up to 325 GHz.

Fused silica could become an important substrate for millimeter-wave (mmWave) 

applications.1,2 The guided wavelength of an electromagnetic wave in a coplanar waveguide 

(CPW) on fused silica has a longer wavelength than on a higher permittivity substrate, 

allowing for larger feature sizes that are comparatively easier to fabricate. In addition, 

its low dielectric loss tangent improves energy efficiency. Despite these advantageous 

properties, thin fused silica is difficult to handle with large volume manufacturing process, 

which has limited its adoption.3 However, engineers recently developed a process to 
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temporarily bond fused silica to silicon handle wafers4 that make it possible to interface with 

conventional electrostatic tooling. Considering other favorable properties of fused silica, 

such as cost, dimensional rigidity, and stable material properties in changing environments 

and smooth surfaces,5 many large semiconductor manufacturers are reconsidering fused 

silica6 and glasses in general7,8 as a key material for sixth-generation (6G) communication 

substrates.

In general, fused silica is a well-studied dielectric, but there remain some gaps in the 

reported permittivity, especially at 6G frequencies. This range is of renewed interest 

because some reports have shown dispersion at 6G frequencies in fused silica.9 Previous 

work showed that the dielectric properties of glasses depend on a variety of factors, 

including their chemistry, purity, and processing.2,7,9,10 Here, we investigate JGS2 fused 

silica. JGS2 is an inexpensive low purity grade of fused silica, which engineers consider 

to be sufficient for microwave and mm-wave applications. Up to 110 GHz, there are 

cavity resonance9,11–14 and broadband transmission line measurements15 of many of the 

commonly found types of fused silica. Above 110 GHz, much of the available permittivity 

data come from optical techniques.16,17 Many of these optical techniques do not measure 

the relevant tensor element or do not have a path for quantitative uncertainty analysis. 

Another consideration is that the measured data does not use the form factor of the 

eventual application. Matching the application form factor helps reduce the impact of 

radiation, moding, and other parasitic effects that can impact device performance and 

clarify what may or may not matter to a device designer. At present, Fabry Perot is the 

only commercial noncontact method that could provide in-plane complex permittivity data 

from 1 to 325 GHz with comparable uncertainties. Although Fabry Perot is noncontact, 

it requires samples thicknesses and dimensions that may require processing that render 

sample incompatible with microfabrication. A application centric measurement approach 

is especially necessary because there is no standard reference material for permittivity or 

standards for on-wafer measurements that could enable quantitative comparisons between 

vendor results and supplier results made using different setups.18,19 More generally, the lack 

of material property data on fused silica as a mmWave substrate (i.e., for frequencies >110 

GHz) inhibits its choice as a substrate for 6G applications.

In the following, we report on the permittivity characterization of JGS2 fused silica up to 

325 GHz with a coplanar waveguide (CPW) transmission line approach. Addressing the 

material property data gap in the literature, our approach uses CPWs that are representative 

of those found in mmWave devices. The resultant data are, therefore, analogous to what 

applied physicists and engineers might observe in representative devices and can be achieved 

with a technical approach that is relatively simple. We measured the permittivity of fused 

silica up to 325 GHz in three bands: 320 MHz–110 GHz used 1 mm coaxial extender heads, 

140–220 GHz used WR5 extender heads, and a pair of 220–325 GHz used WR3 extender 

heads. Each extender head used a specialized ground-signal-ground on-wafer probe. We 

discuss the design and fabrication of the CPWs, the scattering (S-) parameter measurements, 

finite-element electromagnetic field simulations, and the data analysis to determine the 

complex permittivity. We compare our permittivity data to other reported values and find 

agreement with the literature, where such comparisons can be made. Our results show that 
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fused silica is suitable for mmWave electronics where the loss tangent must be less than 

0.005 up to 325 GHz.

Coplanar waveguides are a type of planar transmission line. They consist of a center 

conductor electrode of width w separated from two ground plane electrodes of width 

p by a gap of width g [Figs. 1(a) and 1(b)]. One typically represents a transmission 

line as a distributed circuit that consists of a resistance R, inductance L, capacitance C, 

and conductance G20 [Fig. 1(c)] per unit length. These circuit parameters describe how 

current and voltage propagate along a transmission line. Applying Kirchhoff’s laws to a 

transmission line, one can derive a characteristic impedance Z and a propagation constant γ
that describe the distributed attenuation and phase shift,

γ = R + iωL × G + iωC,

(1)

Z = R + iωL/ G + iωC .

(2)

For better readability, Eqs. (1) and (2) omit the explicit frequency dependence of each circuit 

parameter. CPWs support a quasi-TEM-mode [Fig. 1(d)]. In this quasi-TEM limit, R and L
depend on the geometry of the electrodes, the conductor properties of the electrodes, and 

the magnetic properties of the substrate. Conversely, C and G depend on the geometry of the 

electrodes and the local dielectric environment (i.e., the substrate permittivity).

We fabricated CPW transmission lines on a 76.2 mm diameter JGS2 fused silica 

wafer with conventional lithographic techniques and electron-beam vapor deposition. The 

electrodes were nominally 500 nm thick gold with a 10 nm titanium adhesion layer. 

Our chip layout [Fig. 2(a)] includes a set of CPW transmission lines with lengths 

ℓ = 0.420, 0.660, 0.820, 2.340, 3.340, 3.700, 5.000, 5.890, and 9.000 mm [Fig. 2(b)] and 

a short-circuit reflect [Fig. 2(c)] to perform the multiline thru-reflect-line (mTRL) 

algorithm.21 Our layout includes a series resistor [Fig. 2(d)] fabricated from a PdAu alloy, 

which is used to estimate the capacitance per unit length22 of the CPW lines. Finally, we 

include a series capacitor to estimate the parasitic admittances in the series resistor compact 

circuit model22 [Fig. 2(e)]. We optimized our cross-sectional geometry with a small gap 

width (3 μm) and small ground planes (50 μm) for the frequencies up to 325 GHz.

We contacted each CPW device with ground-signal-ground probe tips and measured 

S-parameters with a vector network analyzer. Beyond measuring S-parameters of the 

devices, our technique requires some additional measurements. These measurements include 

the physical dimensions of the CPW cross-sectional geometry and the dc-resistivity of 

the electrodes. We first measured the lateral dimensions of the center conductor, gaps, 

and ground plane widths with optical microscopy, which confirmed the nominal lateral 

geometry within a tolerance of 1 μm. We determined the conductor thicknesses with stylus 

profilometry. Our conductors were (665 ± 15) nm thick. We measured current and voltage 
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with a source measure unit to extract the center conductor dc-resistance of each CPW. We fit 

the resistance of each CPW vs their lengths to extract the dc-resistance per unit length of the 

center conductor, Rdc.

We used the mTRL algorithm to determine the propagation constant γTRL and its uncertainty 

based on the measured S-parameters.21 We performed 2D finite-element field simulations of 

the CPW cross section to extract the distributed resistance and inductance Rsim and Lsim for 

the given cross-sectional geometry using the resistivity determined from dc measurements. 

Combining these results, we can determine C and G via,

G + iωC = γTRL
2 / Rsim + iωLsim .

(3)

However, this analysis assumes that the 2D simulation of the CPW cross section provides 

a full description of the conductor in the measurement setup. This approximation is not 

complete. For instance, our 2D simulations do not include radiation, moding, or crosstalk.

We checked the validity of our assumption by comparing the simulated Rsim and Lsim to R and 

L that we obtained with the series resistor standard.22,23 Measuring the reflectivity ΓRs of 

the series resistor allows us to estimate C and G at low frequencies (<~40 GHz) where the 

impedance of the series resistor can still be modeled as a lumped element and its value can 

be assumed equal to the dc measurement, Rs,24

G + iωC = γ
Rs

1 + ΓRs
1 − ΓRs

.

(4)

To compare the data from the series resistor and the simulated Rsim and Lsim above 40 

GHz, we assumed the substrate was nondispersive, which allowed us to set G ω = 0 and 

C ω = C0. We averaged C from Eq. (4) between 1 and 10 GHz to get Co and used the 

standard deviation of C as the uncertainty. Together with γTRL, we obtain RG = 0 and LG = 0,

RG = 0 + iωLG = 0 = γTRL
2 / iωC0 .

(5)

We compared RG = 0 and LG = 0 to Rsim and Lsim [Figs. 3(a) and 3(b)].

In the 2D simulation of the CPW cross section, we implemented the conductor thickness 

t = 665 ± 15 nm as measured by stylus profilometry. For the lateral conductor dimensions, 

we used a semiempirical approach that tuned an offset (δ) in the lateral dimensions in 

simulation to match R and L below 10 GHz. Heuristically, this offset δ represents the over- 

or under-development of the photoresist and corrects the nominal geometry to the physical 

geometry,
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gδ = gnom. + 2δ,
wδ = wnom. − 2δ

pδ = pnom. − 2δ
.

(6)

We obtained an over-development of δ = 115 ± 25 nm, producing gδ = 3.23 μm,
wδ = 29.77 μm, and pδ = 49.77 μm. This approach to the lateral dimensions proved more 

self-consistent with the impedance computed by a series resistor than microscope images 

alone. We used the δ-corrected dimensions and the measured distributed dc-resistance Rdc to 

obtain a conductor resistivity of ρdc = 2.4 ± 0.1 μΩ cm, which is comparable to other reports 

of electron-beam-deposited gold.25 Using a single parameter to capture the dimensional 

uncertainty due to fabrication process variation simplified the error analysis and more 

realistically captured the effect of over or under developing the photoresist. Finally, we used 

2D simulations of the CPW cross section with the δ-corrected dimensions to extract the 

permittivity εr from the distributed capacitance C [Fig. 4(a)],

εr − iεi = − 1.208 ± 0.008 + 4.850 ± 0.008
× C − iG/ω pF/cm .

The first term is negative because the air above the CPW also contributes to C. We used the 

relation tan δ = εi/εr to extract the dielectric loss tangent [Fig. 4(b)].

We evaluated our results for the CPW in distributed resistance R, distributed inductance 

L [Figs. 3(a) and 3(b)], and substrate permittivity εr and dielectric loss tanδ [Figs. 4(a) 

and 4(b)]. The simulated Rsim and Lsim both agreed with extracted RG = 0 and LG = 0 within 

the measurement uncertainty. This agreement supports that the skin effect dominates the 

frequency trend of L and R over the whole measured range.26 More interestingly, we 

conclude that the effect of the dielectric slab mode is negligible, even though most of our 

measured band is above its critical frequency fc = 106 GHz for our 500 μm thick fused silica 

substrate.27 Hence, we conclude that our 2D simulation of the CPW cross section is indeed 

appropriate, and we proceeded with our evaluation based on Rsim and Lsim.

Using the simulated Rsim and Lsim and the extracted γTRL from the measured S-parameters, 

we obtained permittivity and dielectric loss. The extracted permittivity with the respective 

standard uncertainty εr = 3.87 ± 0.03 is comparable to previous measurements at lower 

frequencies12 and from optical setups.16 However, fused silica’s permittivity varies with 

the manufacturing process,9,10 which makes our result representative of what one might 

expect rather than a sampling of all possible materials. A rigorous comparison of different 

methods for the same wafer is under way. More interestingly, our measurement is consistent 

with a dielectric loss tan δ < 0.005 over the whole frequency range and is consistent with 

the approximation that the tan δ ≈ 0 for most applications. While we do not observe any 

significant dispersion of the permittivity and our results are consistent with a constant 

permittivity over the whole frequency range, it is possible that there are loss mechanisms 

within our uncertainty. By far the biggest contribution to the uncertainty of the permittivity 
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extraction is the systematic uncertainty in the δ-corrected determination of the lateral 

geometry of the CPW, which we estimated to be Δδ = 25 nm in the Lsim LG = 0 fit. The 

uncertainty in δ is systematic over the whole frequency range and does not place caveats 

on our observation that JGS2 fused silica is effectively dispersionless. From a set of three 

calibrations up to 110 GHz, we estimate the repeatability in the extracted permittivity to be 

better than 0.5%.

Nonetheless, there are some things we are still working to understand and are the subject of 

ongoing research. For instance, we attribute the deviations around 160 GHz to an imperfect 

probe contact rather than an actual dispersion of the substrate permittivity because the 

imaginary and real parts of the permittivity do not physically relate to each other (i.e., they 

do not follow Kramers–Kronig relations). The compression in the samplers on the VNA 

extender heads is another alternative explanation for the peak near 160 GHz. There is also 

an unphysical dip in the permittivity and the loss around 10 GHz, which is inconsistent with 

other measurements of the same fused silica with different electrode geometries designed 

to work at lower frequencies. At present, we think these inconsistencies may indicate 

systematic errors due to the chosen geometry of our devices rather than the metrology itself. 

We optimized the geometry for high frequencies, which decreases the lateral dimensions 

of the CPW to reduce radiation. We suppose that the smaller dimensions and resulting 

increased conductor loss may imply that it is more difficult to distinguish the dielectric 

losses from conductor losses. In addition, the chosen geometry is close to limits of our 

maskless lithography tool (~1 μm), which may have resulted in lithography artifacts that 

could have a stronger impact than anticipated. Taken together, these results suggest a 

future study that explores process variation and some comparisons between lithographic 

techniques. Taking into account the systematic deviations of the geometry in this work, we 

claim a resolution on the loss tangent tan δ < 0.005 above 1 GHz with this geometry (Fig. 

4b). Nevertheless, the key result is that this technique provides an extremely broadband 

technique to observe that fused silica may be considered both dispersion- and lossless for 

many practical on-wafer applications up to 325 GHz.

In conclusion, the objective of this work was to test an on-wafer approach to extract the 

complex permittivity of fused silica up to 325 GHz. We chose fused silica because it is a 

candidate for mmWave applications and there has been a material property measurement 

gap for frequencies above 110 GHz. Importantly, our measurements used a form factor 

that is analogous to the end-use applications in 6G electronics, producing data that more 

closely replicates what others might encounter in mmWave devices. We used 2D simulations 

to model the conductor properties and extracted the propagation constant of our CPW 

transmission lines from their S-parameters with the multiline thru-reflect-line algorithm. Our 

extracted permittivity is consistent over all three measured frequency bands and comparable 

to previous measurements. As we do not observe any relevant dispersion, we conclude that 

for most technical applications fused silica can be assumed dispersionless up to 325 GHz. 

Furthermore, our findings show that it is the Ohmic loss in the conductor that dominates 

the power loss in CPW transmission lines on fused silica, even at frequencies as high as 

325 GHz. In summary, our results support choosing fused silica as basis for semiconductor 

manufacturing of next-generation communications technology up to 325 GHz.
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FIG. 1. 
The coplanar waveguide (a) top view, (b) cross-sectional view, (c) representation as 

a transmission line with distributed resistance R, inductance L, capacitance C, and 

conductance G, and (d) cross-sectional sketch of the electric field penetrating the substrate.
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FIG. 2. 
The chip layout: (a) full view of a die and close views of (b) the thru, (c) the short-circuit 

reflect, (d) the series resistor, and (e) the series capacitor.
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FIG. 3. 
Distributed resistance L (a) and inductance R (b): comparison of the cross-sectional 

simulation and the data extracted from the propagation constant while assuming G = 0, 

C = constant.
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FIG. 4. 
The complex permittivity of fused silica extracted from γTRL and the simulated Rsim and Lsim: 

(a) real permittivity and (b) loss tangent.
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