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Abstract — This paper describes the development of a novel 
dry film-type dielectric material with low loss tangent (Df) and the 
demonstration of a low-loss filter substrate using the dielectric 
material for high-frequency transmission applications. This paper 
also presents the evaluation results of the small filter 
characteristics of the substrate in the 28 GHz and 39 GHz 5G 
millimeter-wave (mmWave) band. We have recently developed a 
dry film dielectric material with outstanding electrical properties 
and excellent mechanical properties (Material P). This new 
material is based on polyphenylene ether (PPE) that has extremely 
low Df.  PPE is commonly known as a thermoplastic polymer, 
henceforth a new chemical design was applied to modify the 
polymer structure into a thermosetting polymer. The new 
dielectric material can be processed at a low temperature about 
200 ⁰C and is compatible to the standard substrate manufacturing 
processes, such as semi additive process (SAP). Material 
characterization revealed that Dk / Df of Material P is 3.1 / 0.0013 
at 10 GHz, and glass transition temperature (Tg) is 200 ⁰C. In this 
work, RF filter performance of the Material P was characterized 
to demonstrate the benefit of the low loss material. As the 
reference, the performance of epoxy dielectric was additionally 
characterized and compared. Electrical characterization of the 
filter structures showed low transmission losses < 1.0 dB at 28 GHz 
and < 0.8 dB at 39 GHz with Material P, verifying applicability of 
the material for high frequency applications. 

Keywords—Low loss, Polyphenylene ether, Dielectric material, 
5G mmWave, High frequency filter 

 

I. INTRODUCTION 

With the explosive growth in data demand for mobile and 
server applications, 5G communication network is expected to 
significantly increase capacity in the mmWave bands which 
requires high-frequency transmission above 10 GHz. For 
example, antenna-in-package (AiP), a system-level package and 
one of the main integration methods in mmWave technology 
developed over the past few years [1], consists of 
interconnections between ICs and other elements such as 
antennas, passive components, and printed circuit boards 
(PCBs). To achieve high performance of the mmWave module, 

it is necessary to solve the problem of increasing transmission 
loss of electrical signals due to higher frequencies, therefore, 
there is a need to miniaturize the PCB and lower the 
transmission loss [2], [3], [4]. We focused on low-loss dielectric 
materials and tried to use them to reduce the transmission loss 
of PCBs and optimize their performance.  

With regard to the low loss dielectric materials targeted in 
this research, efforts were made to reduce the transmission loss 
by lowering dielectric constant (Dk) and dielectric loss tangent 
(Df), polytetrafluoroethylene (PTFE) and liquid crystal polymer 
(LCP) [5], [6], are used as dielectric materials for high-
frequency applications, due to their low Dk and Df : Dk / Df of 
3.16 / 0.0049 for LCP and 2.2 / 0.0009 for PTFE, respectively. 
However, these materials are generally thermoplastic resins and 
there are some technical challenges with the materials, such as 
low solubility in standard organic solvents, poor handling, and 
poor adhesion to copper and base materials. Other materials 
commonly used are epoxy-based materials with low Df, 
however, low Df epoxy materials tend to have low adhesion to 
copper because they contain a large amount of inorganic fillers 
[7].  

This study focuses on polyphenylene ether (PPE) based 
materials. PPE and modified PPE have been applied for high 
frequency applications due to the low-dielectric loss [8], [9], 
[10]. However, most of the existing materials are used as 
prepregs for PCBs, and quite limited examples of their use as 
build-up materials can be found because of the low solubility of 
PPE type materials to organic solvents. Taiyo has recently 
succeeded in synthesis of a new modified PPE with 
thermosetting functionality [11], and this study applied the new 
resin system to develop a new dry film dielectric material 
(Material P) with outstanding electrical properties and excellent 
mechanical properties. The new PPE introduces a branched 
structure into PPE, which is soluble in standard organic solvents 
without compromising the properties of conventional linear 
structure of PPE, including low Dk / Df.  

This paper discusses the development of Material P and the 
characterization of high-frequency performance of lowpass and 
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bandpass filters in the 5G mmWave bands. The first part of this 
paper discusses the concept of the new low-loss dielectric 
material design, including the synthesis of the soluble PPE. Then 
material properties are characterized with comparison to a 
conventional dielectric material. The second part focuses on the 
process compatibility of Material P and characterization of 
lowpass filters and bandpass filters  formed on Material P [12]. 

 

II. MATERIAL DESIGN CONCEPT AND MATERIAL PROPERTIES 

A. Material Design Concept of New Modified PPE 
This section describes the material design aspects to develop 

a build-up material with low Dk / Df and excellent thermal 
properties such as high thermal resistance and low coefficient of 
thermal expansion (CTE). First, modified PPE was synthesized 
by oxidative co-polymerization of 2,6-dimethylphenol and 
asymmetric 2-allylphenol with a reactive vinyl group, as shown 
in Fig. 1. This modified PPE exhibits thermosetting reactivity 
due to the vinyl reactive group embedded. The polymer also 
readily dissolves in standard organic solvents such as 
chloroform, toluene, cyclohexanone, ethyl acetate, methyl ethyl 
ketone (MEK) or propylene glycol methyl ether acetate 
(PGMEA). Furthermore, the modified PPE, has similar Dk / Df 
values as the conventional PPE. 

Fig. 1. Synthesis of New Modified PPE  [11] 

 

B. Material Properties of Low Loss Build-up Material 
The modified PPE has the branched polymer structure shown 

in the left image in Fig. 2. High solubility of the modified PPE 
in standard organic solvent enables manufacturing of a dry film 
build-up material using the modified PPE, as shown in the right 
image of Fig. 2. Thickness of the film can be easily controlled 
by changing the coating thickness of the PPE solution. As shown 
in Table I, Material P has excellent mechanical, thermal, and 
dielectric properties. 

Fig. 2. Image of Modified PPE branched structure (Left) and 
Dry Film of Material P (Right) 

 

The cured film of Material P has high heat resistance due to 
a high glass transition temperature (Tg) of 200 °C and a low 
coefficient of thermal expansion (CTE) of 16 ppm/K, which is 
comparable to that of copper (17 ppm/K). Notably, Material P 
has a low dielectric constant (Dk) and dielectric loss tangent (Df) 
with Dk of 3.1 and Df of 0.0013 at 10 GHz. In addition, the cured 
film of Material P has strong resistance to organic solvents and 
strong alkali aqueous solutions. 

 

TABLE I.  MATERIAL PROPERTIES OF MATERIAL P 

Material Properties Material P (Cured Film) 

Tg 200 ℃ 

CTE 16 ppm/K 

Young’s Modulus 7.8 GPa 

Tensile Strength 43 MPa 

Elogation 1.5 % 

Dk (10 GHz) 3.1 

Df (10 GHz) 0.0013 

 

III. EVALUATION AND RESULTS 

A. Filter design for Low Loss Build-up Material 
In this paper, two types of filters, lowpass filter (LPF) and 

bandpass filter (BPF), were fabricated [13], [14]. Quasi-
integrated elliptical LPFs are chosen to provide the sharpest roll 
off. The BPFs are further subdivided into two structures: 
interdigital BPF and hairpin BPF. These filters are based on λ/4 
short resonators and λ/2 open resonators, respectively, making 
them ideal for miniaturization. The width of the filter circuit was 
adjusted according to the Dk and thickness of the dielectric
materials. The source impedance was typically 50 ohms for a 
microstrip filter [15]. 

 

B. Material Stack up 
The material stack-up used in this demonstration is shown in 

Fig. 3. The Material P with 66 μm film thickness was chosen as 
the dielectric layer for the filters. Material P was laminated onto 
a 0.2 mm thick, 6-inch size of FR-4, substrate panel. The design 
rules were as followings: the smallest copper line and space 
(L/S) size to form the filter circuit and ground (GND) was 15μm, 
copper thickness was 8 μm, and the diameter of the blind via 
holes (BVH) to connect the filter circuit and GND was 60 μm. 

Fig. 3. Material Stackup for Demonstration of Filter Substrate 

 

 

               

 

Core: Organic (FR-4)

Cu : 8μm

Material P : 66μm

Via : φ60μm

GND

GND
Material P : 66μm
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C. Fabrication of Multilayer Substrates for Filters 
The 6-inch test substrates with filter structures were 

fabricated according to the semi additive process (SAP) as 
shown in Fig. 4 [16]. First, surface of a copper-clad core FR-4 
substrate, was treated by Atotech Novabond® wet process to 
strengthen the surface adhesion, before the Material P was 
laminated onto the substrate using a vacuum laminator (Meiki 
MVLP-300). Then the Material P was cured at 200 ⁰C using a 
convection oven under nitrogen atmosphere. After the curing of 
the Material P, blind vias were drilled by UV picosecond laser 
drilling system (ESI Corner Stone with a maximum laser power 
of 16W) [17]. The via diameter was targeted at 60 μm and drilled 
by raster processing with the focus controlled to the top surface 
of the dielectric material and the laser power from 3.0 to 3.5 
watts (15.0 to 17.5 μJ). The via ablation conditions were 
optimized in terms of power, energy density and shot number, 
to avoid any damage to the copper underneath the Material P. 
After the laser drilling, a standard semi-additive process (SAP) 
was used to fabricate copper patterns on the Material P. First, a 
permanganate chemical etch, called the desmear process was 
applied at from 77 to 80 ⁰C, to create mechanical anchor sites on 
the material surface which improves copper adhesion, as well as 
to remove the residual polymer on the copper surfaces after laser 
via  ablation. Next, a copper seed layer with a thickness of 0.2 
to 0.3 μm was uniformly deposited on the dielectric by 
immersion in electroless copper plating solution at 34 ⁰C for 20 
minutes. After forming the seed copper layer, 15 μm thick 
negative photoresist dry films (Showa Denko Materials Photec®, 
RY-5115) were laminated on top and bottom sides of the 
substrate, and the photoresist layers were patterned using a 
mylar film photomask on an exposure machine. The exposure 
dose (150 mJ/cm2) and development time (40s) need to be 
optimized to obtain accurate feature size. After photoresist 
development, the substrate was subjected to an oxygen plasma 
process as necessary to remove the photoresist residue. The 
copper metallization of traces was performed using electrolytic 
copper plating process. After the copper metallization, the 
photoresist was removed using a stripper solvent (MacDermid, 
Enthone®), followed by a copper seed etch using a flash etch 
process. Finally, copper structures were annealed in a 
convection oven at 150 ⁰C for 30 minutes under nitrogen 
atmosphere. The deposited copper thickness after the fabrication 
process was measured to be 8.0 ± 1.0 μm by a laser microscope  

Fig. 4. Process Flow for Semi Additive Process (SAP) 

(KLA Corporation, Zeta-20). This fabrication was done on both 
sides of the substrate at the same time to form the 6-inch (15 cm) 
substrate shown in Fig. 3, and the filter test coupons were 
obtained (Fig. 5). The test panel showed good appearance, 
without any copper peeling off from the surface, swelling of 
dielectric Material P, nor warping or distortion of the substrate. 
There were about 400 measurable filter coupons in this panel, 
and the various test coupon designs on the panel are shown in 
Fig. 5. 

 

 

 

 

 

 

 

 

Fig. 5. Filter Test Panel and Copper Thickness in Coupon 

 

The surface roughness of Material P after the processes was 
measured to be Ra: 0.1 nm and Rz: 0.4 nm, using the same laser 
microscope (Fig. 6). Compared to the roughness of conventional 
epoxy-based build-up materials [18] of 0.2 nm or 0.5 nm, 
Material P has lower surface roughness. Low surface roughness 
is preferable for high frequency signal transmission since it leads 
to lower transmission loss. 

 

Fig. 6. Roughness Measurement Results for Material P 

Next, adhesion of dielectric material and copper layers were 
evaluated. Fig. 7 shows the result from a cross-cut test, which is 
a general adhesion test (ASTM D3359-17 / JIS K5600-5-6). It 
made cuts in a grid pattern that penetrated the Material P and 

 

Heat 
Curing

Desmear

E’less Cu Plating
(Seed Layer)

Photo Resist
Patterning

Electro Cu Plating

Photo Resist
Stripping

Flash Etching

Dielectric
Laminate 

Laser 
Drilling

 

 

   

Magnified Test Coupon 

Magnified view of wiring 

6-inch (15 cm) Filter Test 
Panel Overview 

 

 

540

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on November 22,2021 at 16:23:38 UTC from IEEE Xplore.  Restrictions apply. 



reached the base copper layer, and the adhesion was evaluated 
by applying tape to the surface and observing it after it was 
peeled off. Material P did not peel off from the base copper 
layer, indicating excellent adhesion of the material. In addition, 
to evaluate the adhesion between the material and copper, we 
measured the 90° peel strength by ASTM standard test, which 
showed excellent adhesion at more than 4N/cm. 

Fig. 7. Peel Test Results for Material P (Left; Material P after Peel off, 
Right; Tape after Peel off) 

 

D. Measurement by VNA and Analysis 
This subsection describes the characterization of the 

fabricated test coupons in the previous subsection to evaluate the 
filter characteristics and transmission loss. The test coupons 
evaluated here have microstrip line structures, as illustrated in 
Fig. 3. In addition to the microstrip line structures, the coupons 
also consist of ultra-miniaturized filter structures on Material P 
at operating frequencies of 28 GHz and 39 GHz bands for 
mmWave small cell applications.  These filters were designed 
and simulated by computer aided engineering simulations [13]. 
All filters are ultra-miniaturized, with the dimensions from 2 to 
4 mm on each side, and are connected to the ground layer by the 
micro-vias in these filters. In this test, the S-parameters of the 
filters were measured with microwave vector network analyzer 
system (VNA, Agilent E8363B, 10 to 40 GHz, R50). Actual 
images of the fabricated filters for operation at 28 GHz or 39 
GHz bands along with their frequency responses are shown in 
from Fig. 8 to 12. 

a) Lowpass Filter (LPF)  
The frequency response of the LPF fabricated for the 28 GHz 

band is shown in Fig. 8. The measured response of this filter 
shows less than 2 dB insertion loss (S21). The filters also show 
exceptionally low return loss: dB (S11) is below -20 dB, 
indicating an excellent impedance matching of the structure to 
50 ohms.  

Fig. 8. Frequency Response of the Fabricated 5th order LPF at 28 GHz 

b) Bandpass Filter (BPF) 
The plots in Fig. 9 to 12 show the measurement results of the 

interdigital BPF and hairpin BPF using the fabricated test 
coupons up to 40 GHz. Test results are summarized in Table II. 
Both filters showed low insertion loss and wide bandwidth. 
Specifically, the insertion loss of the hairpin BPF and the 
interdigital BPF were below 1.01 dB and 1.53 dB at 28 GHz, 
and below 0.79 dB and 1.33 dB at 39 GHz (S21, all 3rd order). 
In addition, a wide bandwidth of at least 2 GHz were measured. 
This is because Material P has low-Df characteristics and it has 
very smooth interface to copper structures.  

 

Fig. 9. Frequency Response of the Fabricated 3rd Hairpin BPF at 28 GHz 

 

Fig. 10. Frequency Response of the Fabricated 3rd Interdigital BPF at 28GHz 

 

Fig. 11. Frequency Response of the Fabricated 3rd Hairpin BPF at 39 GHz 
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Fig. 12. Frequency Response of the Fabricated 3rd Interdigital BPF at 39 GHz 

 
 

To compare with the previous work [18], a summary of the 
results of insertion loss of filter structures are shown in Table 
II.  By comparison, transmission losses of the filters on Material 
P are lower than those on the conventional epoxy-based 
material. In the previous work, the filter substrate was 
fabricated by the same method as in this work, and the only 
difference was the dielectric material. The Dk and Df of 
conventional material are 3.2 and 0.0025, and the surface 
roughness is 0.2 nm,whereas Material P has Dk and Df of 3.1 
and 0.0013, respectively, and a surface roughness of 0.1 nm.  
The results strongly indicates that the improved dielectric 
properties and surface smoothness of Material P compared to 
conventional epoxy contributed to the lower transmission loss 
as filter performance. 
 

TABLE II.  INSERTION LOSS OF MATERIAL P 

Filter Test Coupon Order 
Material P 

Insertion Loss 
[dB] 

Conventional
Epoxy-based 

Insertion Loss 
[dB] [18] 

28 GHz 

BPF 

Hairpin 3 -1.01 -1.05 

Inter- 

digital 
3 -1.53 -1.19 

39 GHz 
BPF 

Hairpin 3 -0.79 -1.18 

Inter- 
digital 

3 -1.33 -1.43 

 
 

IV. CONCLUSION 

This study introduced a new modified PPE that is a 
thermosetting material with high solubility in standard organic 
solvents and low Dk / Df.  By applying the modified PPE, a novel 
dry film type build-up dielectric material, Material P was 
developed to achieve low transmission loss for the next 
generation of build-up material for industrial application. 
Characterization of Material P showed excellent dielectric 
properties with Dk of 3.1 and Df of 0.0013 at 10 GHz. Material 
P is compatible with standard SAP process and further enables 
fabrication of lowpass and bandpass filter structures on the 

surface. The fabricated bandpass filter with Material P exhibited 
a low transmission loss of < 1.01 dB at 28 GHz and < 0.79 dB 
at 39 GHz, attributed to low Dk / Df and low surface roughness 
of the material. From the demonstration in this study, mmWave 
and 5G/6G applications in the near future would benefit 
significantly by making use of Material P to achieve low 
transmission loss for next-generation module substrates. 
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