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ABSTRACT Driven by the increasing demand for high-throughput communication links and high-resolution
radar sensors, the development of future wireless systems pushes at ever greater operating frequencies. By
analogy, high-performance computing (HPC) systems with high-bandwidth I/Os have become a mainstream
solution to address multi Gbit/s data rates. Heterogeneous integration technologies play a vital role here in
enhancing the performance and functional density, along with reducing the size and costs of such RF systems.
In line with this trend, many passive components, which have once been monolithically integrated, are now
implemented on ceramic or polymer-based packages. Besides these long-established material and process
technologies, considerable efforts have also recently been devoted to the development of RF components on
glass and glass-ceramics. Spurred by their low dielectric losses, extremely smooth surfaces, and excellent
dimensional stability, glass technologies are emerging as a promising alternative for high-volume and
high-performance RF applications. In this article, relevant glass materials and key enabling technologies are
reviewed and put into context with well-established RF substrate technologies. Another focus is set on the
latest glass-based packaging and interposer solutions ranging from MHz-to-THz frequencies. To showcase
the development activities and practical accomplishments of the RF glass technology, also a large variety of
key components is presented. Finally, the paper concludes by discussing future research and development
directions of RF glass devices.

INDEX TERMS MTT 70th Anniversary Special Issue, glass technology, dielectrics, packaging, interposer,
system-on-package, interconnects, filters, antennas, antenna-in-package, millimeter wave (mm-wave).

I. INTRODUCTION
Next-generation wireless communications and sensor tech-
nologies increasingly deploy higher operating frequency to
enable ultra-miniaturized and feature-rich systems [1], [2].
Similar trends can also be observed in electronic systems such
as for high-performance computing (HPC) pushing towards
multi Gbit/s data rates [3]. These developments have been
spurred by the dramatic advances in semiconductor technolo-
gies which meanwhile can absorb a large portion of the system
complexity into the integrated circuit (IC) design [4]. Apart
from this evolution of monolithic integration techniques,

significant efforts have also been devoted to establishing dif-
ferent substrate material platforms for advanced packaging
and component implementations [5].

Rather than following classical IC-centric system concepts
referred as system-on-chip (SoC) and system-in-package
(SiP), there is an inevitable trend towards heterogeneously
integrated system architectures seamlessly combining the
strengths of various technologies. Many passive components,
which have once been monolithically integrated, are now
increasingly incorporated into modern multi-chip-module
(MCM) or system-on-package (SoP) designs [6], [7], [8], [9].
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Striving for superior system performance and integration den-
sity, the off-chip partitioning of lumped/passive components
also leads to smaller chip size, lower implementation costs,
and enhanced reliability. The proper choice of the material
composition is one of the major design challenges here. For
packaged as well as discrete RF components, these chal-
lenges can be translated into desired substrate characteristics
such as low permittivity, low dielectric loss, and low coeffi-
cient of thermal expansion (CTE) along with the support of
multilayer fabrication techniques with fine-pitch features and
high-density I/Os.

Typical material and process technologies to realize passive
RF components and interconnects that operate from MHz-
to-THz frequencies include low-temperature cofired ceramics
(LTCC) [10], organic core/ build-up substrates [11], [12], and
high-resistivity silicon [13]. Ceramic-based material systems
such as LTCC have long been preferred to realize advanced
RF modules and components owing to their support of high
layer counts. Moreover, a large variety of different substrate
materials with low dielectric losses, high thermal conductiv-
ity, and a CTE closely tailored to Si/GaAs semiconductors are
available. Therefore, the LTCC technology continues to play
an important role even today in high-temperature and high-
reliability RF applications [14]. From the present perspective,
however, multilayered ceramics are limited in terms of their
integration density and performance due to material shrink-
age during cofiring, low feature-size on internal metal layers
and the poor electrical conductivity of the cofired metals [5],
[15]. These limitations and the prohibitive fabrication costs of
ceramic substates have recently led to the prevalence of mul-
tilayered organic substrates in commercial RF applications.

In conventional PCB processes, a composition of copper-
cladded laminates and prepregs are bonded together to form
low-cost multilayered organic substrates. The mainstream RF
materials can be categorized into four classes of polymers:
PTFE (polytetrafluoroethylene), PPE (polyphenylene), bis-
maleimide triazine (BT), and liquid crystal polymers (LCP).
Unlike their ceramic counterparts, they are compatible with
high-volume commercial manufacturing and packaging tech-
niques due to their large-panel scalability. On the other hand,
conventional PCB technologies still pose the design challenge
in providing small feature sizes induced by the limitations
of the subtractive wet etching process and the layer-to-layer
registration tolerances. In addition, the relatively thick lami-
nates prevent the down scaling of microvias. These constraints
eventually led to the proliferation of organic build-up sub-
strate process technologies enabling complex signal routing
and high-density interconnects essentially for HPC and mil-
limeter wave (mm-wave) applications [16], [17].

Despite these advances, however, silicon-based interposers
and packages are still unmatched in terms of their wiring and
I/O density as a result of the thermomechanical process limi-
tations of organic substrates from their low modulus and high
CTE [5]. Silicon substrates with sub-micron back end of line
(BEOL) redistribution layers (RDLs) and through-silicon vias
(TSVs) are currently the most advanced and most commonly

used interposers [18]. Silicon interposer technologies are
primarily used in high-performance computing applications
interconnecting logic blocks and high bandwidth memories
(HBMs) in an ultra-dense fashion. The CTE of silicon in-
terposer substrates and silicon-based ICs only insignificantly
deviate from one another, which effectively mitigates warpage
in vertically stacked ICs. Although this technology enables
excellent power bandwidth scaling at system level [19], sili-
con interposers are attributed with high manufacturing costs
due to the limited wafer size. In addition, they face significant
signal-integrity issues at higher operating frequencies above
the single-digit GHz range as a result of the finite conductiv-
ity and the relatively high permittivity of this semiconductor
material.

Another disadvantage can be found in nonlinearity of
conventional TSVs through the formation of a metal–oxide–
semiconductor capacitor. Hence, silicon substrates are very
unfavorable for high-linearity and low-insertion loss RF ap-
plications [20].

In recent years, glass and glass-ceramics have emerged
as a superior alternative to these well-established substrate
materials for electronic devices [21], [22], [23]. While the de-
velopment of glasses has been optimized for the use in optical
instruments over centuries, glass materials had no significance
– apart from military-grade feedthroughs and connectors [24]
– for a long time in RF applications. The reason for this was
the immaturity of process technologies to reliably realize fine
conductor tracks and vias, along with the lack of suitable chip
integration techniques. A radically different situation from 15
years ago, nowadays various through glass via technologies
have been investigated including mechanical, laser, and gas-
discharge drilling as well as hybrid technologies combing wet
etching and laser drilling [15] (see Section II-B). Furthermore,
silicon-like RDL wiring on glass panels has become feasi-
ble by extending semi-additive process (SAP) methods once
developed for fabrication of BEOL layers on chips [25]. In
retrospect, these technological pillars have been spurred by
the unique properties of glass materials which combine the
advantages of organic and silicon substrates. The excellent
dimensional stability and smooth surface roughness of glass
enable fine-pitch lines/spaces as well as high aspect ratio TGV
formations. Glass substrates also owe their popularity because
of their ability to provide low-loss dielectric properties far be-
yond the mm-wave regime [21]. Another reason can be found
in the high coplanarity, tailorable CTE, robustness to high
temperatures, and high reliability of glass substrates which
facilitate the use of panel-level manufacturing and packaging
processes at low costs. Although there is still a lack of material
and assembly supply chain readiness [26], the current level
of process maturity has led to numerous demonstrations of
components, packages, and interposers using glass substrates
from both industry and academia [27], [28], [29], [30].

This contribution reviews the current glass related devel-
opments with particular emphasis on RF applications. The
paper is organized as follows: Section II gives a brief overview
on state-of-the art glass technologies, while Section III
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discusses the latest developments on glass-based packaging
and interposer solutions. Subsequently, the paper reviews var-
ious RF component designs, which deploy glass materials, in
Section IV. Rather than surveying the entire glass component
landscape, we focus on four building block categories com-
monly applied in RF systems: I) transitions and interconnects,
II) filter and resonator, III) phase shifters, IV) antennas and
periodic structures. Finally, Section V discusses some future
prospects of glass technologies in the realm of RF applica-
tions, followed by a conclusion and outlook.

II. GLASS TECHNOLOGIES
A. MATERIAL OVERVIEW AND CHARACTERIZATION
Fused silica is a synthesized glass material of almost pure
silicon dioxide (SiO2). It can virtually be made free of im-
purities along with an extremely high degree of homogeneity.
Hence, this amorphous dielectric naturally provides excellent
transmission properties up to frequencies in the UV range.
Specifically regarding the mm-wave spectrum, different fused
silica substrates have recently been characterized in [31] up to
110 GHz by means of a loaded disc resonator showing very
constant permittivity and loss tangent values of εr=3.8±0.1
and tanδ=1.5–5 × 10−4, respectively. Among other inorganic
substrates for sub-THz and THz components, similar electric
properties for fused silica have been reported in [32] across
the frequency range from 0.5 THz to 6.5 THz using THz
time-domain spectroscopy. Moreover, fused silica – like many
other glass materials – features of high chemical and thermal
resistance [33], [21], but the downside is its relatively low
CTE for using in heterogeneous integration technologies.

By incorporating chemical elements into the amorphous
glass composition, the CTE can be adjusted over a wide range
to match other packaging materials [34]. However, the change
in the glass composition also has an inevitable impact on
electrical properties. For instance, the addition of alkali ions is
an effective method to increase the thermal expansion coeffi-
cient of silicate glasses, but at the expense of higher dielectric
losses due to increased ionic conductivity [35]. Note that
alkali-reduced borosilicate glasses can achieve a loss tangent
as low as 2 × 10−2 at microwave frequencies [36], [37], while
alkali-free borosilicate substrates can even be engineered with
a loss tangent less than 1 × 10−2 in the mm-wave regime [38].

Glass ceramics may further extend the parameter range
of glass compositions, while maintaining the excellent ho-
mogeneity of glass. They are made by annealing precursor
glass which subsequently undergoes a specific heat treatment
schedule to control the nucleation and crystallization process.
Since the crystallization process typically does not fully com-
plete, glass ceramics contain both a crystalline and a small
residual glass phase [39]. As a consequence, the dielectric
properties of glass ceramics can be controlled by its glass
composition as well as its crystalline structure and phase
assemblage. These additional degrees of freedoms allow, for
instance, the realization of ferroelectric glass-ceramics with
very high permittivity values of εr=32 and beyond [34]. In

TABLE 1. Comparison of Different Glass and Glass-Ceramic Materials for
RF Applications Including Some Standard PCB/LTCC Substrate as a
Reference Point

the realm of RF applications, their practical use is, however,
limited to frequencies in the lower GHz range due to se-
vere dielectric losses above this spectral region. Compared
with this, cordierite has emerged as a promising dielectric for
microwave and mm-wave components with relative permit-
tivity between 4.9 to 5.5. Among all reported glass-ceramics,
cordierite shows the lowest loss tangent of around 2 × 10−4

at mm-wave frequencies [40], [21]. It is interesting to note
that the dielectric losses of cordierite glass-ceramics are of the
same order of magnitude as that of fused silica. A comparison
of different glasses, glass-ceramics as well as some standard
PCB/LTCC laminates for RF applications is given in Table 1.

B. GLASS PROCESSING TECHNOLOGIES
To enable glass micromachining, various technologies are
available and have been evaluated. The most state-of-the-art
production processes are CNC based mechanical abrasion
processes like drilling, milling, powder-blasting and grinding
which are used in high-volume manufacturing e.g., for dis-
play cover glasses. Nevertheless, these processes are limited
in feature size and available aspect ratio. Furthermore, these
mechanical processing generate defects like chipping and mi-
crocracks that significantly reduce the mechanical stability of
the substate. Laser based processed like direct ablation with
ultra-short-pulsed (USP), pulsed UV, CO2 or Excimer Lasers
have been used to process glasses, by applying a multitude of
focused laser pulses to ablate the material. In case of USP, UV,
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FIGURE 1. LIDE two-step process: 1) single pulse laser modification of the
whole glass thickness, followed by 2) unmasked batch wet-etching with
highly anisotropic wet etching of the laser-patterned regions to form the
TGV [176].

and CO2 lasers the focused laser beam is usually moved with a
galvanometer scanner that enables highly flexible processing
with good accuracy, but throughput is limited because each
feature is sequentially processed and the processed features
have a heat-affected zone with high thermal stress that can
lead to microcracks. Excimer Laser ablation is a mask-based
process and therefore can potentially achieve high throughput
values but each layout needs an individual mask. Beneath
laser and mechanical processes masked wet etching is com-
monly for glass processing, especially in MEMS production
to generate cavities e.g., for sensor packaging. Since the ap-
plied wet etching process is isotropic only low aspect ratios
smaller than 1:1 can be achieved. A detailed description and
summary of the above-mentioned glass processing technolo-
gies can be found in [7].

In many cases high-frequency applications need precisely
manufactured substrates with high aspect ratios which at rea-
sonable production cost. To overcome the limitations of the
described processes, hybrid processes that combine a laser
process with wet etching processes have been developed. One
of these processes is Laser Induced Deep Etching (LIDE)
[48], [49]. This process uses a laser modification that can
be defined by one single laser pulse through the full glass
thickness, which etches highly anisotropic in a subsequent wet
etch process (see Fig. 1).

LIDE is a direct write laser process which makes it highly
flexible and can precisely define several thousand modifica-
tions per second. Multiple features like through holes, blind
holes, cavities, and larger cutouts can be generated in one
process step [50]. These features are defect free which re-
sults in a high mechanical stability of the substrate [51].
Fig. 2 shows exemplary holes drilled through glass with an
ultra-short-pulsed laser that have subsequently been dipped
in hydrofluoric acid. The short etching step reveals the mi-
crocracks that have been induced by thermal stress during
processing. In comparison, the through-glass vias shown in
the center and right picture, respectively, have been processed
with the LIDE process.

Micro-electronic packages are often composed of several
substrate layers which must be bonded to each other. Sev-
eral bonding processes are available, that depending on the
substrate and bond specifications have individual benefits
and drawbacks [52], [53], [54]. The most common processes

FIGURE 2. Examples of through holes with direct laser ablation (left) and
LIDE processing (center and right picture). The sample on the left was
dipped in hydrofluoric acid to reveal microcrack induced by thermal stress.

for semiconductor related applications are Polymer, anodic,
direct/fusion, metal (e.g., solder or eutectic) and glass-frit
bonding. In some cases, an adhesion bond where a polymer
layer is spun on one of the substrates and then connected to the
second substrate is sufficient but is very limited in maximum
temperature. Anodic bonding can be used to bond silicon
to glass or, typically with a thin intermediate layer, glass to
glass and enables a highly stable and hermetic sealing of the
bonding partners but is limited to alkaline glasses [55].

Direct bonding can be used with all available types of glass
but requires a very low surface roughness (Ra < 1 nm). The
substrates are pre-bonded at room temperature, followed by
an annealing process to increase the bond strength [56]. Metal
bonding processes are more tolerant to surface roughness.
Eutectic bonding is defined by two metals, one on each bind
partner, that alloy to an intermediate phase at rather low tem-
peratures, for example Indium and Gold that have a eutectic
temperature of 156 °C [57]. Beneath the bond of the substrates
a conductive connection of redistribution layers can be done
in parallel. Like polymer bonding, glass-frit bonding, which
uses a low melting point glass paste as an additive, can com-
pensate for high surface roughness. The most recent bonding
process is laser direct bonding which uses a tightly focused
ultra-short-pulsed laser beam that is applied at the interface of
the bonding partners which locally liquifies the material [58],
which enable hermetic packaging of temperature sensitive
components.

C. METALLIZATION
The metallization of TGVs is typically based on the same
approach and is using the same machines which are in use
for TSV interposer fabrication. Hence the TGVs are typically
metallized by using physical vapor deposition (PVD), chem-
ical vapor deposition (CVD) or electroless deposition for a
seed layer inside the via [59], [60]. Other approaches would
be using Schott Hermes Glass with integrated tungsten plugs
or using pastes, solder or powder to create a conductive path
through the wafer [61], [62], [63].
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FIGURE 3. From left to right: Fully filled TGVs (50 µm diameter, 470 µm
thickness, plugged TGV (70 µm diameter, 460 µm thickness), liner plated
TGV (70 µm diameter, 460 µm thickness).

Depending on the via dimensions and the thickness of the
interposer, different metallizations are possible. For RF ap-
plications, a high conductive copper metallization with a low
roughness is favorable [64]. Depending on the geometry of
the interposer (thickness, via diameter, via pitch) different
metallization concepts which could form a conductive path
through the wafer are possible. This could be divided into
fully filled vias, liner plated vias or plugged vias which are not
fully filled. However, since they form a plug inside the vias, a
hermetical sealing is still guaranteed [65]. In Fig. 3, selected
samples of those variants are shown. In an exemplary way the
creation of an interposer with several redistribution layers is
discussed in the following. Depending on wafer thickness and
via dimensions the fabrication of such interposer when using
PVD/CVD or electroless deposition can be seen in Fig. 4.

A glass interposer fabrication process glass starts with the
realization of slightly tapered holes (1.5°) using the LIDE
process (Step 1). Depending on the target via diameter, wafer
thickness, pitch and application different technological ap-
proaches A and B are possible. While approach A is well
suitable to handle thin glass wafers (< 300 μm), approach
B allows to process thicker glass wafers with higher aspect
ratios (via diameter/ wafer thickness) but is more complex to
fabricate (double-sided via filling). In both cases, the vias are
filled in the first step and overburden (excess copper on the
wafer) is removed, creating a glass wafer which has only the
desired metallization inside the via [66], [67], [68] (Step 2).
In the following step the top or bottom side can be fabricated.
Typically, the side which has the lowest topography after
processing (only pads) is processed first. This is typically a
combination of different routing metallizations with a passi-
vation in between. Typically, pads which are compatible for
soldering the interposer to a PCB are formed for the final layer
[69], [67] (Step 3). Subsequently, the other side – typically
the frontside of the wafer – is processed. For approach A the
interposer is now bonded to a carrier wafer to support the still
stable glass wafer (Step 4). The glass wafer is now thinned
down to its desired thickness and the backside TGV open-
ings are exposed making it possible to create the necessary
structures on the frontside (Step 6). After the finalization, the
carrier wafer gets de-bonded and the interposer cleaned (Step
7). For approach B, the frontside can be directly fabricated

FIGURE 4. Example of possible processing flows depending on glass
wafer thickness and capabilities of the facilities.

with different routing and passivation layers without using a
carrier wafer due to its stability [18].

III. PACKAGING AND INTERPOSER SOLUTIONS
Heterogeneous integration technologies play a decisive role in
developing feature-rich, ultra-compact microwave and mm-
wave systems. Since transistor downsizing is going to reach
its economical and physical limits, there is a clear paradigm
shift towards advanced 2.5D and 3D packaging solutions
to scale the performance of complex microsystems [15]. In
light of this trend, various materials and process technolo-
gies have been established to provide ultra-dense multi-chip
packaging and wiring [70]. This includes, but not limited to,
low-temperature cofired ceramics (LTCC) [10], [71], organic
(core/ build-up) laminates [72], [11], [17], silicon [3], [73],
and embedded wafer fan-out packages with epoxy molding
compounds [74], [75].

In recent years, glass-based packages and interposers have
evolved as a serious alternative to these technologies mainly
because of their ability to provide low-loss electrical proper-
ties in the mm-wave and Sub-THz regime, fine-pitch lines and
spaces as well as high aspect ratio TGVs.

In the last decade, considerable efforts have been devoted
to glass-polymer packages aiming to leverage the advantages
of both material systems [76], [26]. This hybrid packaging
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FIGURE 5. Glass-based packages and interposers a) 2.5D glass-polymer package for mm-wave applications (28 GHz) [26] b) Bare glass interposer [29] c)
3D GPE package for HPC [80] d) 2.5D GPE package for mm-wave 5G (28 GHz) [85] e) 2.5D GPE package for 6G applications (170 GHz) [88] f) 2.5 GPE mold
compound package for mm-wave radars (77 GHz) [84].

approach utilities an ultra-thin glass core onto which organic
build-up films are laminated and metal layers are patterned
by means of a conventional SAP process (see Fig. 5(a)). In
this way, the active and passive components accommodated
in the package can be densely interconnected with transmis-
sion lines, microvias and TGVs. From the mechanical point
of view, the thin-film laminates have an equally important
function in absorbing the brittleness of thin glass substrates.
On the other hand, bare glass interposers without polymer-
based RDLs feature lower dielectric losses, less fabrication
steps, and compatibility with very cost-effective high-volume
TGV formation techniques [20], [77], [78]. As an example,
Fig. 5(b)) shows the cross-sectional view of a mm-wave pack-
age which uses a 2-layer photodefinable glass substrate to
implement the antennas and feeding lines at 60 GHz [29].

Besides chip-last architectures, in which the ICs are fi-
nally assembled on top or bottom of the package, various
concepts of chip-embedded glass packages have been studied
as a potential solution for much higher I/O counts and more
versatile application-specific integration capabilities. The first
2.5D glass panel embedded (GPE) package for interconnect-
ing logics and high bandwidth memories in high-performance
computing has been reported in [79]. In conjunction with
the organic RDLs, whose formation is conducted after the
die-embedding process, the chip interconnects can achieve
BEOL-like I/O densities on package level. From the techno-
logical perspective, the reason can be found in the excellent
dimensional stability of glass and the ultra-short microvias
which are directly plated onto the IC pads. By contrast, current
silicon interposers and mold compound embedded packages
are not able to compete in terms of I/O pitch, bandwidth, and
reliably owing to thermo-compression bonding assembly and

die shift induced limits [19]. More recently, several 3D glass-
based package architectures for HPC applications have been
demonstrated in [80], [81], [82]. The advanced 3D package
concept as illustrated in Fig. 5(c) expands the GPE tech-
nology to support chip-embedded and flip-chip integration
techniques. Since the embedded ICs are integrated face-up
into the glass panel along with the flip-chip ICs on top of the
RDL, ultra-short and ultra-dense interconnects across chiplets
can be realized without reverting to use inefficient TSVs [20].
The very favorable mechanical and electrical characteristics
of the polymer-enhanced GPE technology has also led to
multifaceted developments of mm-wave antenna-integrated
packages [83], [84], [26]. A 28-GHz antenna-integrated pack-
age for 5G communications was demonstrated in [85]. The
layer stack-up (see Fig. 5(d)) consists of multiple RDLs on
top and bottom of a glass embedded panel using an organic
build-up substrate technology. The radiating elements and
their feeding structures are integrated on the top side of the
package, while the filters and the fan-out of the baseband
signals are realized on the bottom side in order to prevent
the degradation of the radiation characteristics. Following a
similar package configuration, a multi-die automotive radar
module at E-band has been proposed [86].

Current research indicates that this die-embedded glass
package technology may also be suitable for future 6G wire-
less communications at D-band [87], [88]. An example of a
sub-THz glass-polymer package with integrated antennas and
microvia chip-to-package interconnects is shown in Fig. 5(e).
By leveraging the benefits of the microvia technology support-
ing via diameters below 5 μm with pitches of 8-12 μm [89],
low insert losses for these cross-technology interconnects
could be demonstrated at D-band. Moreover, the proposed
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FIGURE 6. Side view of a hermetically sealed glass embedded package for
sub-THz radar applications [93].

packaging and assembly concepts ensure efficient heat re-
moval along the vertical direction to address the excessive
heat dissipation from D-band power amplifiers. Both aspects
become increasingly important in designing scaled phased
array antennas at submillimeter-wave frequencies through
functional partitioning [90], [2].

Hybrid packaging solutions with glass substrates and mold-
ing compounds also find applications in the mm-wave range
to enhance the reliability of wafer-level fan-out technologies
[91], [92]. Fig. 5(f) provides an example of a glass-embedded
package composed of a conventional RDL to form the fan-out
area and a molding compound on top of the glass core for
the antenna elements [84]. The ability to process thicker di-
electrics for the radiating elements at 77 GHz helps to meet
bandwidth and efficiency requirements. A radically different
approach has been pursued by the authors of [93] present-
ing the first multilayered chip-embedded glass package for
radar applications at 150 GHz (see Fig. 6). Since this pack-
age is solely based on glass substrates, plated TGVs, and a
circulating solder ring, a hermetically sealed encapsulation
of the RFIC is ensured, which play a vital role in applica-
tion scenarios with harsh environmental conditions. Another
distinguishing feature is the ultra-compact transitions from
the RFIC to a dielectric waveguide (DWG) whose superior
RF performance stem from use of high-aspect ratio TGV in
conjunction with a state-of-art microbump technology.

IV. COMPONENTS
A. TRANSMSSION LINES AND INTERCONNECTS
The properties of transmission lines and interconnects have
crucial influence on the performance of electronic systems.
While conventional RF systems set priorities on precise
impedance control and low insert loss in this regard, HPC
systems, on the contrary, emphasis more on high I/O counts
and large transmission bandwidths. However, emerging HPC
systems with multi Gbit/s data rates or massive MIMO RF
communications systems increasingly require to deal with
both small feature size and impedance control. In particu-
lar for higher operating frequencies, this becomes a major
and ubiquitous design challenge for conventional materi-
als systems (see Introduction), whereas glass-based substrate

technologies are envisioned to close this gap through its
excellent electrical, thermal and mechanical properties (see
Section II).

A large variety of planar transmission line techniques on
glass and glass-polymer substrates have been reported such
as microstrip lines [94], coplanar waveguides (CPWs) [95],
[96], [97], and their derivates [98], [94] showing excellent RF
characteristics beyond 150 GHz.

Vertical RF signal routing through the glass substrate using
TGVs are often formed as three-wire lines [28], [20], [26]
and quasi-coaxial lines [50], [93]. Moreover, even multilayer
glass configurations with stacked TGVs are possible, whose
galvanic contacts can be established by Cu/Sn bonding (see
Fig. 7(a)) [99] or conductive paste [100].

In contrast to their planar counterparts, the technological
hurdle for realizing substrate integrated waveguides (SIW) in
glass is higher as they include many densely packed TGVs,
which in turn places stringent requirements on the via pro-
cess. Despite this, glass materials are getting more popular to
implement SIW transmission lines, in particular at mm-wave
and sub-THz frequencies, not at least due to the low dielectric
losses and high metallization quality of this technology [50],
[101], [102]. Fig. 7(b) exemplary shows SIW transmission
lines in a polymer-glass-polymer configuration exhibiting in-
sertion loss between 0.5 dB/mm to 1 dB/mm across the entire
D-band. Moreover, dielectric waveguides (DWGs) have re-
cently gained renewed attenuation to alleviate high signal
attenuation at mm-wave frequencies, since ohmic losses are
avoided. While most of the reported DWGs for mm-wave
applications are made from low-loss organic materials [103],
[93], [104], first developments of DWGs in borosilicate glass
were presented in [105] for the use in high-temperature and
chemical-hazard environments.

More recently, a new silicon-on-glass (SOG) technology
has been presented for low-loss and low-cost sub-THz and
THz applications [106], [107]. This class of waveguide is
typically composed of a high resistivity silicon wafer bonded
onto a glass substrate. The formation of transmission lines
and components are made via deep reactive ion etching
(DRIE) of the silicon bulk. The experimental verification of
a SOG-based ridge dielectric waveguide shows attenuation
characteristics less than 0.19 dB/cm up to 170 GHz [106].
A suspended SOG waveguide configuration has demonstrated
in the frequency range from 500 GHz to 595 GHz in [108],
where higher order modes are suppressed by etching the glass
substrate below the silicon guiding channel (see Fig. 7(c)).

Package-to-board transitions are conventionally imple-
mented either using wire-bonding [109] or flip-chip tech-
niques [110], [111], [92]. Fig. 7(d) exemplary shows an
MSL-to-CPW transition for flip-chip packages up to 40 GHz
[28]. In this design, the CPW was realized on glass, whereas
the microstrip line was structured on the PCB. The galvanic
connections between the organic and glass substrates are
provided by solder balls with a diameter of 400 μm. In a
similar fashion, copper-pillar techniques have become well
established for chip-to-package interconnections reaching I/O
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FIGURE 7. Transmission lines and interconnects using glass technologies (a) Vertical RF transition based on TGV stacking and Cu/Sn bonding [99] (b) SIW
transmission lines with 4mm/8mm length [101] (c) Suspended silicon-on-glass waveguide [108]. (d) MSL-to-CPW transition up to 40 GHz [28] e)
Electromagnetically coupled chip-to-package transition f) Microvia-based chip-to-package transition [88].

pitches of less than 40 μm for bump sizes in the range of
20–25 μm [5].

While advanced micro-pillar interconnects were initially
developed for HPC applications to meet high I/O densities,
this technology is also widely used nowadays in mm-wave and
Sub-THz package designs. In [50], a high-performance transi-
tion between the on-chip microstrip line and the SIW section
on glass has been demonstrated at D-band using a quasi-
coaxial configuration in a 50-μm microbump technology.
Following a similar design approach, a vertical microbump
transition found application in [93] to realize a broadband
galvanic contact between the radar transceiver IC and the slot-
loaded patch element in the package, which in turn excites
a DWG transmission line. Another popular technique is the
use of RF interconnects which relies on electromagnetic field
coupling [112], [113]. Since, as a matter of principle, these
transitions do not necessarily require TGVs or solder-based
bumps, the manufacturing process is typically easier and
more cost-effective. On the other hand, galvanically isolated
transitions typically suffer from relatively large dimensions
– in the order of a quarter wavelength – restricting their
use on chip- and package-level at the mm-wave frequencies
and beyond. Fig. 7(e) shows an electromagnetically coupled
chip-to-package transition at D-band [93]. It consists of a
short-circuited quarter-wavelength patch on the chip, whereas
the complementary part within the glass package is based on
a stacked patch arrangement.

Aiming to provide higher integration densities through GPE
packages (cf. Section III) has also led to the development
of various vertical interconnects for mm-wave applications
up to the D-band. This includes via-in-via through package
transitions. This includes chip-to package microvia transitions
(see Fig. 7(f)) which land from the thin build-up layers di-
rectly onto the chip pads [85], [86], [19], [81], [88]. Via-in-via

through package interconnects [26], [80], [81] and microvia-
enhanced organic RDLs on glass core substrates [114], [115],
[116] were also reported for future HPC and wireless commu-
nications systems.

B. RESONATORS, FILTERS, AND PHASE SHIFTERS
Glass is particular favorable for RF components with stringent
Q-factor requirements such as filters and resonators. One of
the main reasons is that glass features low dielectric loss
and more importantly smooth surface roughness (see Sec-
tion II-A). The latter one allows to realize RF components
with significantly reduced conductor losses compared to other
materials such as PTFE-based laminates [27]. As a matter
of principle, this effect gains significance at higher operating
frequencies.

There are mainly two options to implement glass-enhanced
RF components and circuits. The most straight-forward one is
to use the glass as a replacement for common substrate mate-
rials [27], [117]. Here, the technology of SAP, e.g., from LCD
panel fabrication can be used to mass produce RF components
of (almost) any size at very low cost. For the production of
small batches, standard cleanroom techniques such as metal-
lization, lithography, etching and electroplating can be used
to realize components with the smallest features and highest
precision (see Section II-C). Mm-wave, sub-mm-wave, and
even THz-components benefit from the outstanding precision
available in glass technologies. Examples are the integration
of Schottky diodes into split-block waveguides [118], [119],
[120], [121]. Fig. 8 shows the example of a subharmonic
mixer at 220 GHz with the co-integration of active Schot-
tky diode and LO/IF filters on a single glass substrate. The
quartz glass is mounted into a metallic split-block forming the
waveguides for the different signals.
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FIGURE 8. Subharmonic mixer at 220 GHz with a Schottky diode mounted
onto a glass substrate which is later mounted in a brass split block with
the WR8 and WR4 waveguide connections [119].

FIGURE 9. Array of whispering gallery mode resonators made from
microspherical glass shells. The resonance is at around 400 THz with a
quality factor of 106 to 107 [125].

Recently, glass materials are also used as a dielectric load
for resonators. These are realized in different technologies
such as substrate integrated waveguide [122] at X-band and
substrate integrated coaxial resonators [123] and K/Ka-band,
respectively. These structures make direct use of the dielectric
properties of the glass substrate. Another approach has been
followed in [124] in which the authors integrated inductors
with TGVs into the glass substrate and combined them with
chip capacitors to synthesize a bandpass filter.

Whispering gallery mode resonators are known for extraor-
dinary quality factors and have been intensively used in optics.
In [125], the authors present an array of microspherical glass
shells resonating at 400 THz which has been realized with a
wafer-scale glass blowing techniques as shown in Fig. 9. More
specifically, the bubbles are realized through bonding of a sili-
con and a borosilicate glass wafer with air cavities at the place
of the microbubbles which are inflated afterwards in a vacuum
oven at 775 °C. Potential applications are nanoliter liquid
sensing, e.g., for bioanalyte detection and lab-on-a-chip appli-
cations [125], [126] or high-resolution magnetometers [127].

At lower frequencies glass resonators usually are based on
cylindrical bulk bodies. Beside aforementioned applications,

FIGURE 10. Filter from [131] (left) CAD model view with the three-layer
glass-based (yellow) filter and the split-block assembly (gray) for
measuring purposes. The waveguide cavities are highlighted in blue. (right)
assembly of the filter with top glass removed.

FIGURE 11. Filter from [105] using holes to locally modulate the effective
permittivity.

glass is commonly used as resonator confinement in dielectric
(resonator) antennas [128], [129], [130].

Machining of bulk glass to realize filter functions is a
recent technique. Here, laser-induced bulk micromachining
can be used to realized complex structures with the highest
precision and feature sizes, in particular holes, as small as 30
μm. The authors of [131] present a glass-integrated W-band
filter based on rectangular waveguide cavities (see Fig. 10).
The structure is manufactured with laser induced etching (cf.
Section II-B) in three separate layers (top with source and load
coupling, center with the resonant cavities including their cou-
pling structures, and unstructured bottom). After metallization
with Cr/Au by sputtering the wafers are thermo-compression
bonded at 250° for 2.5 hours. The advantage of smooth sur-
faces could be confirmed after metallization with measured
surface roughness in the order of 250 nm and 800 nm for the
wafer surface and for the side walls of the cavities, respec-
tively.

As ohmic losses become more significant at higher fre-
quency and waveguides’ dimensions become critical for
manufacturing, the transition to dielectric waveguides is a
viable option for sub-mm and THz applications. The authors
of [105] used glass for the formation of a dielectric waveguide
and modulated its permittivity along the line to realize a filter
at G-band (140–220 GHz) as shown in Fig. 11. The glass
rods are modified with holes to locally reduce the permittivity
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FIGURE 12. (a) Microstrip transmission line utilizing the anisotropy of LC
for the realization of a phase shifter. (b) 8 × 8 prototype realized in thin
film LC technology [138].

resulting in a waveguide with filtering properties. Additional
meandering slots allow for bending of the waveguide. The
processing is carried out by laser structuring and a subsequent
wet etching step. Especially the latter examples show the
potential of the glass technology e.g., for the implementation
of advanced functionality into packages/interposers (cf. Sec-
tion III).

As the realization of low-loss transmission lines in silicon
is challenging, glass substrates are also used in conjunction
with semiconductors materials on wafer-level to create off-
chip circuitries such as filters with low-loss characteristics. In
[132], an inverted microstrip line technology for filters has
been presented in which the ground plane is realized on a glass
wafer, whereas the stripline has been structured on a silicon
wafer prior bonding them together.

Owing to their encapsulating features, this technology is
also extensively used to hermetically seal sensitive compo-
nents such as RF-MEMS [133], [134] and for monolithic
microfluidic devices [135], [136].

A combination of both microfluidic structures and glass
is used in the realization of phase shifters based on liquid
crystals (LC) [137]. Here, the LC is used as a tunable di-
electric to change the phase constant of a transmission line as
illustrated in Fig. 12(a). This concept has been demonstrated
in [138] for the realization of a passive electronically steer-
able antenna. The 8 × 8 antenna array with LC-based phase
shifters is depicted in Fig. 12(b). As these antenna systems
are physically large, advanced manufacturing methods from
LCD-panel fabrication can be adopted accordingly.

A similar assembly is used in [139], [140] for the realization
of impedance-controlled surfaces to create tunable leaky wave
antennas. The slow wave structure for radiation is realized
with a metamaterial based on composite right/left-handed
(CRLH) unit cells (cf. Fig. 13). The glass substrate holding
the CRLH line is mounted onto a brass carrier to create an
air cavity. The cavity is subsequently filled with liquid crystal

FIGURE 13. (a) Glass substrate with the CRLH transmission line and
ground brass block and (b) zoomed view of the periodically repeated CRLH
with highly resistive NiCr lines for electric biasing [138].

FIGURE 14. Transparent patch antennas. (a) Meshed copper on flexible
Corning Willow at 1 GHz [144], (b) meshed aluminum on quartz substrate
at 77 GHz [148], (c) ITO on soda-lime glass at 2 GHz [149].

to electrically tune the permittivity of the line. With different
phase velocities of the line, the steering angle of the leaky
wave antenna can be adjusted.

C. ANTENNAS AND QUASI-OPTICAL STRUCTURES
Optical transparency is a key feature when integrating an-
tennas above solar panels to cope with limited area in
space-borne communication systems [141], [142]. Transpar-
ent antennas and periodic structures can also be employed for
smart glasses [143], vehicle-to-vehicle or vehicle-to-network
communication [144], [145], e.g., mounted on the windshield
(see Fig. 14(a)), and for improving cellular and WLAN cov-
erage in urban areas [146], [147]. Employing flexible glass,
such as Corning Willow substrate, integration with curved
windows is possible [144]. To allow for good optical trans-
mittance, transparent metallization is required as well as a
transparent substrate material. This can be achieved by either
a meshed structure which reduces the metal density and al-
lows light to pass through [144], [148] (see Fig. 14(a) and
(b)), or by employing so-called transparent conducting oxides
(TCOs) such as Indium tin oxide (ITO) [149], [150], [151]
(see Fig. 14(c)), respectively. Furthermore, a combination of
both approaches is feasible for optimal performance [142].
Due to ohmic losses, TCOs are rather suited for the range
below 10 GHz, whereas meshed structures are also feasible at
mm-wave frequencies, e.g., at 60 GHz [152] or 77 GHz [148].
Above 100 GHz, fabrication of a fine, dense mesh becomes
challenging, leading to a trade-off between fabrication effort
and achievable transparency.

Glass is an emerging substrate material for mm-wave anten-
nas, not only due to its transparency, but also for its low-loss
characteristic and low surface roughness. It can act as car-
rier material for silicon-on-glass dielectric antennas enabling
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FIGURE 15. Antennas based on TGVs. (a) End-fire helix at 58 GHz [153] (b)
AiP monopole at 62 GHz [154].

FIGURE 16. Yagi-Uda antennas on 100 µm-thin laminated glass substrate
for integration into package. (a) Broadband 2 × 1-element array operating
from 24.25 GHz up to 40 GHz [14], (b) AiP connected to IC, realized at
28 GHz [15].

unconventional shapes, such as a suspended tapered antenna
operating between 110 GHz and 130 GHz [106]. Naqvi et
al. presented a wideband (50 GHz–65 GHz) micromachined
helical end-fire antenna in planar form based on TGVs in
borosilicate glass [153], see Fig. 15(a).

More classical is the application of TGVs for antennas
integrated into a package, such as the monopole antenna in
package (AiP) for chip-to-chip communication [154] depicted
in Fig. 15(b). Several planar Yagi-Uda antennas compat-
ible with the glass-polymer package topology (including
TGVs) sketched in Fig. 5(a) have already been proposed.
Fig. 16(a) shows a (2 × 1)-element array on 100 μm-thin lam-
inated glass substrate, enabling broadband operation between
24.25 GHz and 40 GHz [155]. Watanabe et al. presented a
Yagi antenna based on a dipole at 28 GHz, see Fig. 16(b). Inte-
gration of this antenna with an IC was proven experimentally
as well, including the characterization of the corresponding
low-loss interconnects [26]. An extension of this antenna
structure to small arrays of up to 4 × 1 elements is shown i
[83] Further AiPs based on the same glass-polymer packaging
solution with 100 μm core glass have been realized at 53 GHz
[156] and in a wideband variant at 140 GHz covering the
whole D-band [87]. Apart from that, a compact integrated
patch antenna design for radar applications at 77 GHz com-
prising a stack of five non-laminated glass wafers with TGVs
is described in [99]. Other examples of AiPs based on TGVs
are holographic leaky-wave antennas, realized at 150 GHz
[157] and at 77 GHz for automotive radar systems [158]; in
both cases the metal structure is deposited on the glass wafer
by PVD. As an alternative to TGVs, Xia et al. proposed a
tapered slot antenna for radar sensors at 60 GHz integrated in
a flip-chip package [110].

FIGURE 17. Periodic structures. (a) Folded RA at 400 GHz [167],
(b) reconfigurable MEMS FSS UC at 30 GHz [172], (c) optically and RF
transparent meta-glass at 28 GHz [173].

When stacked onto an MMIC as a superstrate, a ca. 100
μm-thin quartz glass layer can improve coupling to free
space, as proposed for a radar MMIC in QFN package
at 160 GHz [159] and a reconfigurable reflectarray (RA)
element at 240 GHz [160]. Such thin quartz superstrates
have also been applied in chip-based phased arrays, both for
small-scale structures at up to 400 GHz [161] and wafer-scale
arrays at 60 GHz, where a 256-element array enables beam
steering with a scan angle of up to ±25° [162]. Very recently,
wafer-scale phased arrays with quartz superstrates have also
become subject of considerable attention in academia and
industry for 6G applications at D-band [163], [164], [165].
Moreover, quartz is popular as front and back substrate
in reconfigurable arrays based on LC [138] and has been
employed in the same manner for RAs as well [166].
Non-reconfigurable RAs on fused silica substrate have been
realized even at 400 GHz in the form of a folded RA to create
a planar phase front [167], cf. Fig. 17(a). Similarly, a passive
transmitarray embedded into laminated car glass has been
designed to reduce the penetration loss across a car window
by beam shaping and improved matching at 38.5 GHz [168].

Frequency selective surfaces (FSSs) on glass can serve
as spatial filters in beam steering scenarios, such as to
reduce specular reflections of a carrier substrate, demon-
strated at 240 GHz [169]. FSSs usually perform frequency
filtering, such as the band stop filter at 27 GHz in [170],
which was fabricated by printing silver nanoparticles onto a
glass substrate by means of inkjet technology. Commonly,
demonstrators up to the THz range are manufactured uti-
lizing conventional photolithography processes [171], where
the high surface quality of glass wafers is a key advantage
compared with standard circuit board materials, allowing to
produce miniaturized structures with high accuracy. To im-
plement tunability, Schoenlinner et al. proposed an FSS with
reconfigurable transmission characteristic based on MEMS
switches at 30 GHz [172]; the respective unit cell (UC) is
depicted in Fig. 17(b).

When optical transparency is essential and propagation
or scattering characteristics shall be controlled, transparent
metasurfaces are called into action, e.g., when a standard
glass window shall feature excellent RF transmission as well.
Safari et al. proposed a honeycomb structure with transparent
multilayer conductive coatings at 28 GHz [173], achieving
about 80% optical and RF transparency, see Fig. 17(c). A
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complementary honeycomb structure was embedded into the
thin metal oxide coating layer of energy-saving glass to im-
prove indoor outdoor communication at about 2 GHz [174].
To increase the coverage of communication networks indoors,
a dynamic metasurface for reflection and transmission control
could be attached to building windows; an exemplary design
is investigated at 28 GHz [175]. Such metasurfaces, e.g., de-
signed to focus a wave entering a building onto a repeater
element or reflector, allow the signal to be amplified and
reradiated, resulting in improved indoor signal strength and
coverage. Dynamic control of such a metalens enables the
deployment of multiple repeaters to switch between users at
different locations.

V. CONCLUSION AND OUTLOOK
This article provides a broad overview of current glass
technologies for various of RF applications ranging from
MHz-to-THz frequencies. Given the high relevance of glass
substrate technologies for next-generation RF systems, they
are contrasted with conventional material systems highlight-
ing their pros and cons in terms of integration, scalability, and
RF performance. Depending on the composition and manu-
facturing technique, different glass types are discussed with
particular focus on their dielectric and thermal properties. This
is followed by the review of current key technologies for struc-
turing and metallizing of glass substrates. On package and
interposer level, recent developments of glass-enhanced in-
tegration solutions are rigorously reported, showing superior
I/O densities and RF characteristics. Finally, the increasing
popularity of RF glass technologies in both academia and
industry is demonstrated by numerous components such as
interconnects, filters, resonators, antennas, and quasi-optical
structures.

Looking ahead, there are abundant opportunities, where
glass can be highly suitable to address the demands of
next-generation microelectronic RF systems. While silicon
and organic interposers are the most prevalent technolo-
gies for high-data-rate HPC systems, glass interposers are
expected to have significant market penetration in the up-
coming years. For instance, these glass interposers have the
potential to provide efficient thermal management through
microfluidic cooling technologies on the one side, and high-
density high-bandwidth interconnects across multiple chiplets
on the other side. Moreover, glass substrates with microfluidic
structures open up entirely new possibilities for biomedical
devices, such as for (sub-) nanoliter liquid sensing or lab-
on-a-chip applications. It’s also envisioned that glass-based
SOP architectures play a revolutionary role in future wireless
communications and sensing systems operating at mm-wave
and THz frequencies. Although heterogeneously integrated
RF glass packages has made considerable developments, ef-
forts are still required to further improve process maturity
and supply-chain readiness. Beyond high-volume consumer
electronics markets, RF glass technologies is also paving the
way for a radical paradigm shift in designing RF systems with
stringent requirements for reliability and robustness, such as

in the military or space segment. Finally, emerging electronic-
photonic integrated circuits and their optical interconnects
offer great potential for extremely high-bandwidth HPC and
communications applications for which glass technology are
highly suitable.
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