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Requirements for stability of dielectric properties, manufacturability and 
suitability for use in hybrid technologies highlight deficiencies in current 
material solutions. The industry must break from its dependence on the 
polytetraflouroethylene (PTFE) and highly filled hydrocarbon based material 
solutions towards a newer set of high glass transition temperature (Tg) 
thermoset materials introduced to address current and future material needs.

Radio frequency printed circuit boards 
are typically manufactured using ther-
moplastic substrates such as PTFE or 

filled hydrocarbon based resins. These res-
ins have excellent electrical properties but 
poor mechanical and thermo mechanical 
qualities. With the advent of new mate-
rial technologies, there is a growing em-
phasis on the mechanical and thermal 
characteristics of the dielectrics as well 
as their electrical properties. Emerging 
product technologies require multilayer 
circuitry, hybrid RF/digital technology 

and increased power handling capability to 
be engineered into substrates.

EMERGING APPLICATIONS
Aerospace and defense applications 

have historically been the foundation for 
development of RF and millimeter wave 

technologies. In recent years, however, there 
has been a massive increase in commercial RF 
applications. With the widespread prolifera-
tion of wireless communications, commercial 
RF applications have grown exponentially and 
are moving higher in frequency. Automotive 
radar for example, is increasing in frequency 

of operation from K-Band to W-Band. V-Band 
ultra-broadband wireless indoor communica-
tions, microwave imaging at 94 GHz and ap-
plications at other millimeter wave frequencies 
are being developed as well.1 Multiple func-
tions are integrated on single chips facilitating 
board integration, while exacerbating thermal 
management issues.

V-Band point-to-point microwave links are 
emerging as environmentally friendly alter-
natives to fiber-to-home technologies. In the 
U.S., U.K. and some Asian countries, the fre-
quency band from 56 to 64 GHz is not regulat-
ed, providing opportunities for deployment of 
point-to-point, line of sight links with very high 
bandwidth and frequency reuse capability. 
This frequency band is known for high attenu-
ation caused by oxygen in the atmosphere and 
does not allow the signal to propagate beyond 
a certain distance, making the communica-
tion more secure. The use of turbo coding and 
signal processing techniques such as the Vit-
erbi algorithms has caused the communication 
bandwidths to approach the theoretical Shan-
non limit and the focus is now on increasing 
the bandwidth through smaller cells.2 These 
networks comprised of macro base stations 

COVER FEATURE
INVITED PAPER

Reprinted with permission of MICROWAVE JOURNAL® from the February 2015 issue.
©2015 Horizon House Publications, Inc.



CoverFeature

tor. PIM is created by superimposing 
sine waves, creating harmonics that 
can add, subtract, or even cancel the 
desired signal. PIM causes unwanted 
noise, increasing the signal to noise ra-
tio. Odd harmonics can generate spu-
rious signals that can lead to commu-
nications interference and disruption. 
The use of appropriate copper with 
very low impurities and low roughness 
helps alleviate PIM.

PCBs for RF applications are typi-
cally double sided or of hybrid (multi-
layer/dissimilar dielectric) construc-
tion. Hybrid PCBs, consisting of FR-4 
and RF optimized substrates reduce 
the overall cost of materials. They are 
typically used for power amplifiers in 
cellular base stations, low noise block 
down converters and advanced auto-
motive safety systems.

Chip manufacturers are packing 
more functionality into ICs, driving the 
need for PCB materials that meet both 
high speed digital and RF require-
ments. This includes predictable di-
mensional stability, low loss, controlled 
dielectric constant, lead-free construc-
tion with very tight pitches and elec-
trochemical migration (or conductive 
anodic filamentation) resistance. CAF 
poses a major reliability risk by creat-
ing a conductive path between holes, 
or holes and planes.

There is an emerging need for 
isotropic RF substrates with higher 
thermal conductivity. RF boards will 
also see new requirements for CAF 
and thermal cycling reliability. PCB 
processes such as drilling and plating 
are coming under increased scrutiny 
to ensure reliable performance. These 
new requirements, coupled with the 
existing material challenges make 
RF board manufacturing increasingly 
more complex.

CURRENT PCB MATERIALS
Most dielectrics in use today are 

based on PTFE or highly filled hydro-
carbon based resins. Another new class 
of products employs conventional ther-
moset technology to produce high glass 
transition polymer composites for use 
in these emerging applications.

PTFE/PTFE with Woven Fabrics/
Filled PTFE Based Dielectrics

PTFE is a long chain polymer of 
high molecular weight. It is primarily 
crystalline in nature.4 It is in wide use 
for RF applications because of its supe-

required is hybrid to a certain extent 
with RF or digital on the receiving 
or transmitting end. These heteroge-
neous networks are being looked at as 
a solution to increasing capacity and 
improving network coverage.

Millimeter wave frequencies pres-
ent unique challenges for PCB mate-
rials. Methods and techniques are not 
established or standardized for mea-
suring the dielectric properties in mil-
limeter wave region. RF/microwave 
integration into ICs also affects how 
these materials are used.

PCB REQUIREMENTS
Dielectric material properties are 

driven by system requirements such 
as frequency of operation, power han-
dling, noise, size, types of components 
and features. Dielectric loss, thermal 
stability and thermal management 
requirements, layer count, modulus, 
warp and twist requirements, and 
other factors go into the selection of 
the appropriate PCB material. Stabil-
ity with humidity and temperature, 
power handling capability and passive 
intermodulation (PIM) have a bearing 
on material selection as well.

In addition to dielectric losses, 
conductor losses are becoming in-
creasingly important. The surface 
roughness of copper plays a major 
role in increased attenuation at higher 
frequencies and especially in the mil-
limeter wave region where conduc-
tor losses can dwarf dielectric losses. 
The skin depth at frequencies around 
77 GHz is extremely small so most 
of the current must flow through the 
surface where it is strongly influenced 
by roughness. Figure 1 shows the sur-
face roughness of the different types 
of copper used. Skin depth as a func-
tion of frequency and the effect of 
copper surface roughness on relative 
attenuation are shown in Figures 2 
and 3, respectively. Figure 3 was de-
veloped using the Hammerstad and 
Bekkadal equation.3
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where  = root mean square surface 
height, s = skin depth and c = con-
ductor loss.

PIM occurs in passive devices 
whenever RF signals at two or more 
frequencies are present on a conduc-

coupled with micro, femto and pico-
cells form heterogeneous networks, or 
HetNets. HetNets rely on very small 
cells which can cater to a group, of-
fice, building or a set of buildings. The 
communication is mainly digital and 
could be fed through point-to-point 
links or wireless links.2 The circuitry 

s Fig. 1  Comparison of the roughness of 
reverse treated foil (RTF) and very low profile 
(VLP) copper. The RTF has a root-mean-square 
roughness (Rrms) of 0.59 µm, with maximum 
height (Rz) of 3.93 µm. The VLP is better, with 
Rrms = 0.36 µm and Rz = 2.06 µm.

Reverse Treated Foil

Very Low Profile

s Fig. 2  Skin depth as a function of fre-
quency.
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s Fig. 3  Relative attenuation as a function 
of copper surface roughness.
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melting point, would experience creep 
at over 300°K or 27°C (close to room 
temperature). Creep is measured by 
loading at a constant stress level and 
measuring the deformation over time. 
Initial elastic and primary creep occur 
very quickly and then the creep devel-
ops at a steady state rate followed by 
a very steep rise leading to fracture.8
PTFE is highly prone to creep, which 
raises doubt concerning its suitability 
for demanding environments such as 
automotive applications that require 
operation in temperatures from subze-
ro to close to 85°C. Steady state creep 
strain can be expressed as
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where B is a constant, n is a value be-
tween 3 and 8, Qc is the activation en-
ergy in J/mol and R is the universal gas 
constant in J/mol/k. This equation with 
an exponent, n, of around 5 indicates 
that the creep rate can double with a 
modest increase of 20°C.9 The creep 
rate of PTFE materials makes them 
unsuitable for applications requiring 
higher temperatures as it would cause 
a shift in the dielectric properties.

Processing Challenges: PTFE 
based materials are regarded as less 
desirable for multilayer PCBs due to 
their high cost, high CTE and pro-
cessing difficulties. Therefore, the use 
of PTFE based laminates has been 
relegated to lower layer count boards. 
PTFE requires very high processing 
temperatures over 330°C and high 
pressure. The bonding sheets are not 
available and there is no flow or fill to 
encapsulate the traces and the circuit-
ry. Most PTFE based laminates are 
available as microfiber filled sheets 
and therefore possess very low elastic 
moduli. Some laminates with dielec-
tric constants above 3.2 use woven 
glass reinforcement, but this increases 
the dissipation factor due to the use 
of glass. Non-reinforced PTFE has a 
lower dielectric constant and dissipa-
tion factor, but due to its low modu-
lus and very high CTE, it must be 
filled with ceramic fillers. Because the 
PTFE materials do not really bond to 
the filler particles and simply encap-
sulate them, the net effect is a reduc-
tion in PTFE polymer volume, while 
the overall CTE is not significantly 

The dielectric loss of PTFE is suffi-
ciently low to allow the permittivity 
to be calculated with a high degree 
of accuracy using the Clausius-Mos-
sotti formula.4,5
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where NA is Avogadro’s number and 
the quantity N
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0ε is called the molar po-
larization (PM) and has dimensions of 
volume. The values for bond polariz-
abilities can be looked up or added up 
using group contributions methods.
ε
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Using this expression with a k value 
of 0.125,5-7 is valid only for non-polar 
molecules. Figure 4 shows the rela-
tionship between the density of PTFE 
and εr. Stability of the dielectric con-
stant depends on the density of PTFE 
which changes with temperature, so 
the properties of PTFE are not as 
stable as often portrayed. The sinter-
ing process required for building the 
circuit boards will change the density.

Mechanical Properties and 
Creep: PTFE has a low elastic modu-
lus of about 0.5 GPa. The coefficient of 
thermal expansion (CTE) is also highly 
variable and shows very high expan-
sion. Until now PTFE has been the 
material of choice for use at millimeter 
wave frequencies. While PTFE may 
be today’s workhorse, it may not be the 
best choice for future applications due 
to issues with its mechanical and physi-
cal properties. At high temperatures, 
permanent deformation can occur 
over time at a stress level well below 
its yield strength. This time-depen-
dent permanent deformation is called 
creep. It occurs at low stress levels and 
a temperature above 0.5Tm, where Tm 
is the absolute melting point. A poly-
mer such as PTFE, which has a 600°K 

rior electrical properties, having a low 
dielectric constant between 2.1 and 2.3 
and a loss tangent below 0.001. These 
properties are stable up to millimeter 
wave frequencies. PTFE is tradition-
ally used as a substrate for RF applica-
tions, including applications in space. 
Table 1 summarizes its properties.

Dielectric Properties: It is com-
monly believed that the dielectric 
properties of PTFE are very stable 
with temperature; however, there 
is variation. To understand this, one 
must look at its structure. PTFE after 
polymerization is almost 90 to 95 per-
cent crystalline. Cooling down and fur-
ther processing determines the degree 
of crystallinity at room temperature. 
Processing steps, such as sintering 
above its melting point, lead to chang-
es in crystallinity. PTFE has a crystal-
line melting point at an atmospheric 
pressure of about 332° to 346°C 
for unsintered material and  about 
327°C for sintered material. For 100 
percent crystalline PTFE, relative 
densities of 2.347 at 0° and 2.302 at 
25°C have been calculated from the x-
ray crystallographic data. The relative 
density of amorphous PTFE is 2.00, 
as obtained by density measurements 
at room temperature.4 Almost all fab-
ricated PTFE displays crystallinity 
within the range of 50 to 75 percent 
depending on the rate of cooling. The 
relative density of 100 percent crystal-
line PTFE at 23°C is 2.3 while that 
of 0 percent crystalline (100 percent 
amorphous) PTFE under the same 
conditions is 2.0. Therefore, the rela-
tive density of PTFE can be used to 
provide a simple index of crystallinity.

TABLE 1
PROPERTIES OF PTFE

Property Value Units

Density 2100 to 
2300

kg/m3

Melting Point 327 °C
CTE 135 �10-6m/

m/°C
Young’s Modulus 0.5 GPa

Yield Strength 23 MPa
Thermal 
Conductivity

0.25 W/m-°K

Poisson Ratio 0.46
εr 2.1 to 2.3
Tan � < 0.001
�-transition -100 °C
�-transition 20 °C
�-transition 127 °C

s Fig. 4  PTFE dielectric constant versus 
density.
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nates undergo a transition and show 
a sharp increase in Z expansion and 
a significant drop in X and Y CTEs. 
When bonded together, the hybrid 
board experiences strain, leading to 
high thermal stress between the FR-4 
and the ceramic filled laminates. This 
often results in de-lamination.

The inability to make robust hy-
brid boards, lack of suitable bonding 
sheets, higher loss, inability to use 
extremely low profile copper, and 
low dielectric stability under elevated 
temperature, coupled with oxidation 
risks will render these types of prod-
ucts obsolete as technology shifts to 
higher layer counts.

A NEW CLASS OF THERMOSET 
POLYMERS

Over the last few years, the market 
has witnessed the arrival of thermoset 

ures 5 and 6 show deformation of a 
glass microfiber-filled material in the 
X- and Y- directions. Permanent de-
formation is very high, almost an order 
of magnitude higher than for FR-4 
products. Manufacturing boards with 
acceptable yields is difficult and expen-
sive. This is the single biggest challenge 
to using PTFE based laminates for hy-
brid or multilayer applications.

Highly Filled Hydrocarbon Based 
Resins

Hydrocarbon based resins are 
cross linked with other polymers to 
increase the Tg, but while they are are 
presented as high Tg materials, they 
have intrinsically very low Tgs. Typi-
cally, when measured using a dynamic 
mechanical analyzer (DMA), they will 
exhibit a glass transition of around 95° 
to 105°C. The numbers with differen-
tial scanning calorimetry (DSC) can-
not be read as there is not a significant 
transition signal due to the amount 
of filler used. A thermo-mechanical 
analyzer (TMA) shows no inflection 
on the Z-axis expansion at higher 
temperatures but an inflection can be 
observed in the sub-ambient to 60°C 
range. This indicates a very high filler 
loading on a woven glass fabric with a 
rubbery low Tg matrix.

These laminates are used in applica-
tions such as base stations and LNBs. 
Since they do not have the low loss 
properties of PTFE or the adhesion 
required for the use of low profile cop-
per, their use will be limited. Dielectric 
properties are not stable with tempera-
ture and have been known to shift due 
to oxidation under operation at mod-
estly elevated temperatures. In fact, the 
laminates offered as oxidation resistant 
show severe discoloration upon expo-
sure to elevated temperatures. The fill-
ers are highly abrasive and lead to drill-
ing issues. The drilling costs sometimes 
are higher than the cost of the material 
itself. Additional processing steps, such 
as plasma drilling for hole wall prepa-
ration, are expensive. The product of-
fering does not include bonding sheets; 
limited offering is available for cores.

The other major issue is CTE mis-
match in the building of hybrids. Be-
cause the resin matrix is highly filled, 
the CTE in the Z-direction is very low. 
Additionally, as there is no Tg above 
60°C, the X and Y CTEs do not show 
an inflection and continue expanding 
at the same rate. The FR-4 type lami-

lowered. High CTE can lead to issues 
such as dimensional deformation, in-
ter-laminar shear stress when building 
hybrids and/or residual stresses in the 
board. As creep manifests itself over a 
longer period of time, the stress con-
tinues to relax at room temperature. 
This can lead to the product not per-
forming at the optimum level over 
time due to creep-induced deforma-
tion. High CTE in the Z axis affects 
plated-through-hole reliability. Cop-
per has a low coefficient of expansion 
and the mismatch leads to stresses 
causing fatigue failure as copper expe-
riences high plastic strains.

Technology is shifting towards high-
er layer counts and sequential lamina-
tions for mixed RF/digital boards. The 
technology shift creates constraints on 
expansion; this means CTE is of spe-
cial importance for these multilayer 
designs. Registration is of high impor-
tance as well, because of smaller pitch-
es and pad sizes that rely on plated 
through-holes to create connections 
between the different PCB layers. 
PTFE laminates filled with abrasive 
fillers lead to high drill wear and are 
generally more difficult to drill. The 
drill bit life is substantially reduced, in-
creasing manufacturing costs.

Dimensional Stability: The main 
issue with PTFE substrates is poor di-
mensional stability. Due to its low glass 
transition temperature and low yield 
strength, it exhibits a high degree of 
permanent plastic deformation. Fig-

s Fig. 5  X-direction dimensional change 
versus temperature of microfiber filled PTFE.
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s Fig. 6  Y-direction dimensional change 
versus temperature of microfiber filled PTFE.
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s Fig. 7  Simulated and measured RF 
properties of new thermoset material at 
various temperatures. Data courtesy of IZM 
Fraunhofer.
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dling capability of microstrip lines can 
be obtained by taking Equation 11, 
and setting the thickness d=0.11

�

T T T

.2303h
K w 2w f

in
C

w
(6)

amb

c

e

d

e

where K is the dielectric thermal con-
ductivity W/m-°K, c , d are the con-
ductor and dielectric losses, we is the 
effective width and h is the height, av-
erage power handling is given by

APH
T T

T
W (7)max amb

Figure 11 compares the power 
handling of a filled PTFE microstrip 
line with that of a high Tg thermoset 
low loss microstrip line. Higher power 
handling in the thermoset PCB is en-
abled by its higher thermal conductiv-
ity and use of very smooth, high peel 
strength copper.

Processing and Cost of Ownership
The ease of processing and avail-

ability of choices is a big factor in the 
fast adoption of these new products. 
Dimensional stability is very predict-
able, leading to high yields. Drilling 
costs are much lower due to the fact 
that the products have low filler load-
ing. The melt viscosity is in the same 
range as FR-4 type systems with simi-
lar flow and fill behavior. Processing 
does not require the use of plasma; the 

tations. Due to conductor surface 
roughness, there is also an increase in 
parasitic capacitance; and the phase 
constant ( ) changes with frequency 
affecting phase velocity and group 
velocity as well.10 The solution is to 
use as low a profile of copper as pos-
sible. However, this is not straightfor-
ward because the resin system must 
bond securely with very low profile 
copper, without requiring any special 
treatment.

The newer thermoset systems are 
unique in the sense that they pro-
vide high peel strengths even for the 
smoothest copper available. These 
products are more advantageous for 
millimeter wave applications, as ex-
tremely low profile copper with Rz
values below 1.5 µ can be used. These 
Rz values are lower than the rolled an-
nealed copper that was once consid-
ered the benchmark. The rolled an-
nealed copper is only available in small 
formats and requires special treatment 
for bonding.

With low profile copper, insertion 
loss goes down substantially. Energy 
from conductor and dielectric loss is 
dissipated in the dielectric, leading to 
dielectric heating.3,11,12 Reduced con-
ductor loss, therefore, increases the 
power handling capability. Figure 10 
compares a high Tg thermoset transmis-
sion line with one using a filled (non wo-
ven) PTFE dielectric. The power han-

materials that behave like 
standard FR-4 materials, 
while delivering excellent 
electrical and thermo-me-
chanical properties. The 
products are thermoset 
systems exhibiting a Tg 
of around 200°C. CTEs 
are well controlled even 
for higher resin construc-
tions. A full complement 
of laminates and prepregs 
is available including 
an offering for the high 
speed digital and RF and 
millimeter wave space. 
The products are available 
in a full range of dielectric 
constants.

Stability of Dielectric 
Properties Over 
Frequency

Dielectric properties 
are stable from 1 to over 
100 GHz. Virtually no 
change is detected over 
the entire range. This is attributed to 
the fact that the products are truly high 
Tg thermoset polymers and therefore 
do not exhibit inflections in crystallin-
ity like PTFE or the artifacts of low 
Tg with the highly filled hydrocarbon 
based resin systems. Figure 7 shows 
the data generated by IZM Fraunhofer 
Institute in the 102 to 103 GHz range. 
The properties are very stable and the 
dielectric constant and dissipation fac-
tors are virtually unchanged at high 
temperature.

One of the major concerns with the 
dielectrics is the ability to retain their 
properties after prolonged exposure to 
high temperature. Continuous opera-
tion at 85° to 125°C is a fairly common 
requirement. Even minor changes in 
dielectric properties can lead to major 
performance issues. As shown in Fig-
ures 8 and 9, the high Tg thermoset 
systems, even after prolonged exposure 
to high temperatures, show little or no 
oxidative or other degradation. Chang-
es in dielectric properties are minimal 
in comparison to the PTFE or highly 
filled hydrocarbon based products.

Insertion Loss and Power Handling
Conductor loss not only contrib-

utes to overall loss but also increas-
es power dissipated into the board, 
leading to undesirable temperature 
increases and power handling limi-

s Fig. 8  Change in dielectric constant for various materials, 
measured at 10 GHz following 1000 hours of aging at 125°C.
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standard desmear process is suitable.
Because CTEs are in the same 

range as standard FR-4 materials, 
with similar thermo-mechanical prop-
erties, the ability to make reliable hy-
brid boards is straightforward. Creep 
does not manifest itself as the Tg, at 
200°C, is sufficiently high. A number 
of OEMs are adopting these products 
for automotive radars, phased array 
antennas, sensors, base station power 
amplifier boards and other RF appli-
cations. Customers are reporting sig-
nificant cost savings.

CONCLUSION
A new enabling technology em-

ploys a thermoset matrix that has very 
good adhesion to metals, enabling the 
use of copper with extremely smooth 
surfaces. The industry is increasingly 
seeing hybrid boards combining RF 
and digital technology. The increasing 
integration of functionality into single 
chips is making it easier to combine 
the digital and RF circuitry on the 
same board. Conventional RF sub-
strates such as PTFE are not suitable 
for hybrid technology, as the layer 
count is high and bonding sheets are 
not available. Also, the manufacturing 
costs of boards made using PTFE or 

the hydrocarbon based resin alterna-
tives are high. Yields are poor due to 
the dimensional stability issues, and 
the systems tend to be unreliable.

There is a strong need for non-
PTFE and non-thermoplastic based 
substrates with dielectric properties 
similar to PTFE. Thermoset systems, 
which display high glass transition 
temperatures and high thermal reli-
ability, while maintaining stability in 
dielectric properties over a higher 
range of temperatures and frequen-
cies, are quickly being adopted. ■
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