
Thermal transport in silver-coated polymer sphere composites by the
bidirectional 3ω method
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The bidirectional 3ω method is an electrothermal technique that is commonly used to obtain the thermal
conductivity of materials such as liquids, biological samples and pastes. In this work, an epoxy-based adhe-
sive was filled with monodisperse 10 µm polymethyl methacrylate (PMMA) spheres coated with silver thin
films (AgPS), such that a metallic network that dominated the thermal transport was formed through the
composite. The bidirectional 3ω method was used to obtain the thermal conductivity of the conductive
adhesive at different volume fractions of AgPS. For 50 vol.% AgPS, corresponding to 3.4 vol.% silver, the
thermal conductivity was 2.03 ± 0.21 W m−1 K−1. The results show that the thermal conductivity is strongly
correlated with the AgPS volume fraction, while maintaining a volume fraction of silver far below commercial
silver paste, which has typical filler fractions of 40 vol.% silver. The results of this work were compared to
thermal measurements of the same material by other techniques, and advantages and disadvantages of the
methods were finally discussed.

I. INTRODUCTION

Thermal management is critical to the lifetime, per-
formance and reliability of electronic devices1–4. In or-
der to avoid overheating, it is desirable to increase the
heat dissipation, both at the “local” single transistor level
as well as at the “global” electronic packaging levels5.
Polymers are widely used in electronic packaging as the
matrix material in composites, such as thermal interface
materials6 and conductive adhesives7. The bulk ther-
mal conductivity of most polymers is very low, on the
order of 0.1 - 0.5 W m−1 K−1 , which limits their heat
dissipation capabilities8. To increase the thermal and/or
electrical conductivity of conductive adhesives, conduc-
tive fillers are often added to the polymer matrix. These
fillers can be carbon-based, metallic, ceramic or, more
recently, boron nitride-based7. The electrically conduc-
tive filler particles form a percolating network through
the polymer adhesive matrix, significantly increasing the
electrical and thermal conductivity9. In order to form
the percolating network, a filler fraction of between 25-40
vol.% is usually required. When the filler fraction is high
enough to form an electrically conductive percolating net-
work in all directions through the matrix, the composite
is called an isotropic conductive adhesive (ICA). ICAs
are an environmentally friendly alternative to soldering
as they are lead-free, and are typically used for mate-
rial systems that require lower processing temperatures.
They can also be applied to materials that are difficult to
wet with traditional solders, such as glass and ceramics.
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Conventional ICAs are composed of an adhesive matrix
with embedded metal flakes or particles for both elec-
trical and thermal conductivity. Due to their excellent
electrical and thermal properties, silver particles are of-
ten used. Although increased electrical conductivity (σ)
is often the goal when optimizing ICA processes, this ar-
ticle will focus solely on increasing thermal conductivity
(κ). Conventional ICAs require a high silver content, up
to 40 vol.%, to achieve thermal conductivities at around
κ ≈ 3 W m−1 K−1 using the laser flash (LF) technique10.

In order to reduce the silver content, monodisperse
micron-sized polymer spheres coated with thin silver
films (AgPS) embedded in epoxy have proven themselves
as a viable alternative to the conventional ICAs11–20.
This material system, hereafter referred to as AgPS-ICA,
has a large advantage over the conventional ICAs due to
the significant reduction in costly silver.

FIG. 1: (a) SEM image of the cross-section of an ICA
containing 35 vol.% AgPS (2.2 vol.% silver), and (b) SEM
image of a commercial ICA with 31 vol.% silver flakes.
(b) was adapted from11.

AgPS-ICAs have yielded thermal conductivities similar
to the conventional ICAs at Ag filler fractions of around
3 vol.% measured using both steady state (SS) and LF
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techniques21,22. For both methods, a clear correlation
was observed between AgPS volume fraction and thermal
conductivity. However, for larger AgPS volume fractions
(>40 vol.%), values measured by the SS method are con-
sistently around 35 % higher than those measured by the
transient LF method. This discrepancy is possibly due to
the volumetric constraint exerted on the sample during
curing and measurement by the SS method. However,
the thermal transport mechanisms of this novel AgPS-
ICA needs further investigation22, and the best suited
thermal characterization technique is yet to be found.

In this work, we measured the thermal conductivity
of AgPS-ICAs using a self-built electrothermal charac-
terization technique, commonly referred to as the 3ω
method. To the best of our knowledge, this is the first
attempt at thermal characterization of this novel ICA by
3ω. The results obtained here are discussed in the con-
text of the previous measurements by SS and LF, and
finally these techniques are compared in terms of advan-
tages and disadvantages.

II. 3ω METHOD

The 3ω method is a thermal characterization technique
widely used for the determination of thermal conductiv-
ity. It was developed in the 1990s by Cahill23,24, and is a
transient electrothermal technique which induces a tem-
perature fluctuation by applying a transient (AC) current
to a thin microfabricated metal line, Iapp(t) = I0 cos(ωt).
The metal line acts as both heater and sensor. Hereafter,
for convenience, the metal line will be referred to as the
heater. Due to the applied AC current, the heater tem-
perature oscillates at an angular frequency of 2ω. The
temperature fluctuation in the heater in turn induces a
fluctuation in the electrical resistance, Re, which is de-
tected by measuring the voltage, V , across the heater.
This signal relates to the temperature fluctuation, ∆T2ω.
∆T2ω can then be used to determine the thermal prop-
erties of the substrate. The measured temperature oscil-
lation is given by23,24:

∆T2ω =
2

β

V3ω,RMS

V0,RMS
(1)

where V0 and V3ω are total and third harmonic voltages,
respectively, across the heater. As a rule of thumb, V3ω

is typically three orders of magnitude larger than V0
25.

β is the temperature coefficient of electrical resistivity,

β =
1

Re,0

dRe(T )

dT
(2)

where Re,0 is the electrical resistance at a reference tem-
perature T0. The thermal conductivity κ of the substrate

is then given by23,24:

∆T2ω =
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where b is the half-width of the heater, κ is the sub-
strate’s thermal conductivity and Pl is the AC power per
unit length of the heater. The integration variable, k, is

the wavenumber. q =
√

i2ω
α , and α is thermal diffusivity.

The quantity lth = | 1q | is the thermal penetration depth,

which is the depth at which the thermal wave propagates
into the substrate during one cycle of AC heating. κ is
found by least squares fitting of the measured tempera-
ture drop in Eq. 1 to Eq. 3.

The conventional 3ω method requires microfabrication
of the heater on top of the sample to be measured, which
requires the sample to be solid, dry and flat. While useful
for thin films and rigid substrates, it is impractical for a
wide range of samples. The bidirectional 3ω method was
developed26–29 in order to measure thermal conductiv-
ity for samples such as nanofluids30, biological tissues31

and thermal pastes32. It allows for the sample to be
deposited onto a platform where the heater is already
deposited (Fig. 2a). It has the additional advantage of
requiring only a small droplet of sample material in order
to accurately measure the thermal conductivity.

FIG. 2: (a) The reference chip for 3ω measurements,
showing the applied current Iapp(t) and the measured
voltage V1ω,3ω between the pads. The sample placement
is shown in purple. (b) The reference chip with sam-
ple in cross sectional view. The bidirectional heat flow
is illustrated schematically. (c) Measured temperature
rise ∆Teff of the reference chip and reference + sample,
respectively.

The bidirectional 3ω method extends the conventional
methodology by considering heat transfer through two
semi-infinite media above and below the heater line, as in-
dicated schematically in Fig. 2b. The main principles are
given here, and the reader is referred to the work by Oh
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et al.28 and the supplementary information in Rodriguez-
Laguna et al.30 for a more detailed description. The
sample of interest is placed on a quartz substrate with
a passivated heater line, the reference, as shown in Fig.
2a-b. The relation between the temperature oscillations
is as follows28:

1

∆Teff
=

1

∆Tref
+

1

∆Tsam
(4)

where ∆Teff is the measured temperature oscillation of
the heater. ∆Tref is the temperature oscillation of the
heater in a system consisting of only the reference sub-
strate. The temperature spread in the thin dielectric
layer is also included in ∆Tref . ∆Tsam is the temperature
oscillation in the heater in a system consisting only of the
sample. The thermal resistance at the sample/reference
interface is neglected. First, a calibration measurement
of the reference is performed to determine ∆Tref . Then
the sample is applied, and a new thermal measurement
is done. The sample’s temperature rise is then given by
rewriting Eq. 4:

∆Tsam =
( 1

∆Teff
− 1

∆Tref

)−1

(5)

∆Tsam is then taken as the ∆T2ω in Eq. 1 from which
the thermal conductivity of the sample, κ, is found by
least squares fitting to Eq. 3.
V0 measured between the inner voltage pads of the

metal strip is a sum of the 1ω and 3ω components, with
the latter being three orders of magnitude smaller than
the first. A conditioning circuit (Fig. 3) is able to can-
cel out the V1ω signal, leaving only the V3ω signal to be
detected by the lock-in amplifier.

FIG. 3: The conditioning circuit of the 3ω setup.

The current source, a Keithley 6221 (Ohio, USA), out-
puts a high-purity sinusoidal current Iapp(t) of frequency
ω that is applied across the metal line. In order to make
sure that the heating power is always constant at 2 mW,
the magnitude of Iapp(t) is adjusted iteratively by mea-
suring the voltage across a 10 Ω resistor element, and
calculating the current I0 = VI0/(10 Ω), as indicated in
Fig. 3. Also shown in the figure is V0, which is measured
between the voltage pads. I0 and V0, along with the tem-
perature T of a PT100 element placed in close proximity
to the sample, are measured using a data aquisition box
(DAQ) of type NI cDAQ-9174. The voltages associated

with I0 and V0 are measured using BNC connections to a
NI9215 module, whereas T is measured in a 4-wire config-
uration to a NI9217 module. The data acquisition mod-
ules are all from National Instruments (Austin, Texas,
USA).

To remove the fundamental (1ω) component, the volt-
age amplitude measured across the variable resistance
RD is adjusted iteratively. This is done by varying the
resistance RD until the amplitude of the measured volt-
age Vω matches the amplitude of the voltage measured
across the heater line, Vω+3ω. The resistance is varied
using a M642 programmable resistance decade (Meatest,
Brno, Czech Republic). When the voltages are matched,
the final operational amplifier subtracts Vω from Vω+3ω,
outputting V3ω, which is then measured using a DSP7265
lock-in amplifier (Signal Recovery, Oak Ridge, Tennessee,
USA). The operational amplifiers are polarized using a
BP3002 DC power supply (Digimess, Leicester, UK). The
measured signal is averaged by 10 measurements at each
frequency.

The choice of heating frequency is an important source
of uncertainty, since it determines the thermal penetra-
tion depth (or thermal wavelength) in the sample. If
the frequency is too high, the measured signal will be
dominated by the interface between heater and sample.
If too small, the signal will be dominated by the sub-
strate or the interface between the substrate and plat-
form. Other important sources of uncertainty in the mea-
surement are the heater dimensions (film thickness, width
and length). For a more thorough discussion on measure-
ment design rules for reducing uncertainty sources, see
work by Dames33.

In these measurements, the heating frequency is cho-
sen to ensure that the thermal penetration depth (lth =√
α/2ω) is several times smaller than the substrate and

sample thickness. In this case, it was calculated that the
sample was 3.4 times thicker than the penetration depth.
This is to ensure that the oscillating temperature is local-
ized well within the media of interest, and is insensitive
to the boundary condition between them and the sur-
roundings. However, we want to have a frequency low
enough so that the thermal wave penetrates well into the
sample and substrate, to not be affected by the thermal
resistances associated with the interfaces near the heater.
Also, the substrate and sample should “see” the heater
as a 1D source, that is b→ 0. This is ensured by choosing
frequencies such that lth/b > 5, which is a design criteria
for 1 % error for this assumption33,34.

III. SAMPLE FABRICATION

The reference chip was made by dicing a 0.5 cm thick
fused quartz glass slide (SPI Supplies, PA, USA) into
1 cm2 chips and microfabricating a 3ω structure on the
chip. The 3ω structure was deposited through a hard
mask by electron beam evaporation (AJA International,
Inc., Scituate, MA, USA) of a Ti(2 nm)/Au(100 nm)
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layer. The hard mask is a 0.5 mm thick Ti plate with
cut-outs corresponding to the 3ω structure, custom or-
dered from Veco (Veco B.V, Eerbeeck, The Netherlands).
Since the sample in this case is electrically conductive, a
dielectric layer of 50 nm Al2O3 was deposited by sputter-
ing on top of the thin metal lines connecting the voltage
pads.

The typical heater width is 20 µm, and its length
(measured between the inner voltage pads) is 1 mm.
The substrate material, fused quartz, has a thermal
conductivity of 1.4 W m−1 K−1 and a thermal diffusiv-
ity of 0.95 mm2 s−1, according to the supplier’s technical
datasheet35.

The AgPS were prepared by a two-step swelling pro-
cess, producing crosslinked PMMA particles with diam-
eters 10 µm36. The 145 nm Ag shell was deposited by an
electroless plating process. The adhesive matrix was pre-
pared by mixing Araldite PY-302 epoxy resin with Jef-
famine D-230 curing agent (both from Huntsman, Lind-
berg & Lund AS, Norway) in a 3:1 ratio by weight. AgPS
was added to the matrix at 35, 40, 45 and 50 vol.%, re-
spectively (see Fig. 1 and Table I). A small droplet
(approximately 2.5 µL) of sample was applied to the 3ω
reference chip in the sensor area as indicated by Fig. 2a-
b. Then, the sample-chip system was cured in a vacuum
oven (Binder, Tuttlingen, Germany) at 150 °C for 40 min-
utes. The electrical connections to the voltage pads were
made by manually wire bonding Au wires (diameter 20
µm) between the pads and a chip holder with connections
to BNC-cable inputs.

Sample
AgPS

(vol.%)
AgPS
(wt.%)

Density AgPS-ICA
(g/cm3)

Ag
(vol.%)

Ag
(wt.%)

35AgPS 35 47.7 1.40 2.2 16.3
40AgPS 40 53.1 1.44 2.6 18.6
45AgPS 45 58.1 1.48 3.0 29.9
50AgPS 50 62.5 1.52 3.4 33.3

TABLE I: Volume and weight fractions of AgPS, calcu-
lated pre-cure density of AgPS-ICA and Ag volume and
weight fraction of the four samples. The calculations are
based on measured weight fractions and nominal densi-
ties given by the manufacturers of the constituents, and
the nominal diameter and Ag film thickness of the AgPS.

IV. RESULTS AND DISCUSSION

The thermal conductivities of the AgPS-ICA are plot-
ted in Fig. 4, and shown in Table II. The reported
error margins represent the standard error of the four
individual measurements performed for each sample. A
progressive, near-linear enhancement of thermal conduc-
tivity is seen as a function of AgPS volume fraction. For
the largest AgPS volume fraction, 50 vol.%, a thermal
conductivity of 2.03±0.21 W m−1 K−1 is reported from
the 3ω measurement. From Table I, this corresponds
to 3.4 vol.% silver. According to Kim et al., a conven-
tional silver flake ICA would need almost 20 vol.% sil-
ver to achieve a similar thermal conductivity37. Also
shown in Fig. 4 are thermal conductivity measurements
of the same AgPS-ICA from Kristiansen et al.21 by the SS
method and the LF method. In the SS method, the sam-
ple is cured at different thicknesses between two Cu rods,
and measuring the thermal conductivity as κ = Q/∇T ,
where Q is the heat flow through the sample and ∇T is
the temperature gradient across the sample. The LF is a
transient method used to measure the thermal diffusivity
α of the sample, the density ρ is measured by immersion
method, and the specific heat Cp is measured using dif-
ferential scanning calorimetry (DSC). Then, the thermal
conductivity is given by κ = αρCp.

FIG. 4: Thermal conductivity of AgPS-ICAs for varying
volume fractions of AgPS measured by 3ω, SS21 and LF22

methods. The 3ω and LF measurements were done at
room temperature, whereas the SS measurements were
done at 40°C. The error bars represent the standard error
of the four data points for each sample.



5

vol.% AgPS 0 35 40 45 50
vol.% Ag 0 2.2 2.6 3.0 3.4

Thermal conductivity (W m−1 K−1)
3ω - 1.08 ± 0.11 1.39 ± 0.12 1.60 ± 0.12 2.03 ± 0.21
SS 0.2 - 1.16 ± 0.09 2.33 ± 0.20 2.81 ± 0.20
LF - - 1.20 ± 0.060 1.48 ± 0.074 1.86 ± 0.093

TABLE II: Thermal conductivity results for AgPS-ICAs from 3ω, SS and LF methods.

From Fig. 4, it is evident that the two transient meth-
ods (3ω and LF) are in good agreement, following a
similar trendline. However, the 3ω measurements yield
thermal conductivities on average 11 % above the LF
measurements. The SS measurements give a thermal
conductivity 16 % below the 3ω measurements for the
40AgPS. For the 45 and 50AgPS sample, the SS mea-
surements give thermal conductivities that are 46 % and
38 % above the 3ω measurements, respectively. Pettersen
et al.22 did LF measurements of AgPS-ICAs, and showed
that the technique for measuring the specific heat had a
significant effect on the measured thermal conductivity
for this sample system. However, this effect alone can
not explain the large discrepancies observed between the
transient and steady state methods. Kristiansen et al.21

pointed out that the large discrepancy in the values re-
ported by SS method occur for 45 and 50AgPS, which
is above the percolation threshold. The increased ther-
mal conductivity measured by SS method could be due
to the fixed bond line thickness (BLT) between the ref-
erence bodies during curing of the AgPS-ICA sample,
which exerts a contact pressure on the sample due to
thermal expansion. This could result in closer contact
between the Ag shells, which conduct a large portion of
the heat above the percolation threshold. This is in con-
trast to the curing method for the transient methods, in
which the AgPS-ICA samples are allowed unconstrained
thermal expansion. It can be argued that the SS method
measures the thermal conductivity of AgPS-ICAs for a
more realistic curing condition, as ICAs usually are cured
between two bodies at a fixed BLT. In order to measure
thermal properties under more realistic operating condi-
tions, the 3ω sample curing process could be modified
such that the sample is cured at a given BLT.

The results support the thermally conductive path the-
ory, in which the filler particles at these high fill fractions
are in contact with each other, as shown in Fig. 1a. Thus,
they form a thermally conductive network through the
polymeric matrix material. We can calculate the elec-
tronic contribution to the total thermal conductivity us-
ing the Wiedemann-Franz law38. It states that the ratio
of electronic contribution to thermal conductivity κe and
electrical conductivity σ of a metal is proportional to
temperature T :

κe
σ

= L0T, (6)

where the proportionality constant L0 is called the
Lorentz number and has the value of L0 = 2.44× 10−8

W Ω K−2. From electrical conductivity measurements of
the AgPS-ICA39, κe is calculated in Table III. It is worth
mentioning here, that the increase in thermal conductiv-
ity resulting from a higher concentration of AgPS-ICA
also increases the electrical conductivity of the samples40.

Sample σ (S/m)
κe

(W m−1 K−1)
κe/κ

40AgPS 4.54 × 104 0.33 0.24
45AgPS 1.54 × 105 1.12 0.70
50AgPS 2.00 × 105 1.46 0.72

TABLE III: Using Wiedemann-Franz law, the electronic
contribution to the thermal conductivity κe is calculated.
The ratio κe/κ is calculated from the thermal conductiv-
ity measurements by the 3ω method.

From Table III, we see that the κe/κ ratio is 0.24 for
the 40AgPS sample, and 0.70 and 0.72 for the 45AgPS
and 50AgPS sample, respectively. Although the silver
thin films conduct a significant portion of the heat com-
pared to their low volume fraction, the phonon contri-
bution from the PMMA cores and the epoxy matrix still
comprises a substantial part of the total effective ther-
mal conductivity of the AgPS-ICA, especially for the
40AgPS sample. The thermal transport by electrons is
limited to occur within the silver thin films or by tunnel-
ing across ultrathin epoxy layers between two AgPS. The
thermal transport of the AgPS-ICA system has been dis-
cussed previously in the context of LF measurements22,
which concluded that the thermal transport in the AgPS
is dominated by the electronic heat transfer in the Ag
layer. We believe a minor thermal transport mechanism
deserves mention, which is the possibility of electron-
phonon interactions across the Ag-polymer interfaces.
When the heat is transported between the silver thin
films and the nonconductive cores and matrix, this pro-
cess is indeed believed to be dominated by phononic in-
teractions. The process of heat transfer across metal-
dielectric interfaces have been widely studied by pulsed
femtosecond laser heating, such as the study by Lyeo
and Cahill41. They concluded that electrons contribute
negligibly to heat transfer across a metal-dielectric in-



6

terface. This gives us some insight into the heat trans-
fer process between the silver thin films and the sur-
rounding polymeric material. First, the hot electrons
in the silver film thermalize by electron-phonon scatter-
ing within the metal film, a process which occurs on
the picosecond timescale42. Then, the thermal energy
of the metal’s phonons is distributed to the polymer ma-
terial through phonon-phonon scattering processes. The
electron-phonon thermalization process is so rapid that it
will not affect the 3ω measurements. This is because the
heating events induced by the AC current are on the mil-

lisecond timescale, which is set by the frequency of the
current (< 150 Hz). In conclusion, the measurement’s
timescale is much larger than the timescale associated
with electron-phonon thermalization events, which occur
within picoseconds.

There is still no uniform testing standard for ther-
mal conductivity measurements of polymer composites.
Therefore, the obtained experimental values from dif-
ferent instruments are difficult to compare43. However,
some advantages and disadvantages of the testing meth-
ods discussed here have been gathered in Table IV.

Technique Heating Measurement
time

Accuracy Advantages Disadvantages

3ω Transient current 10 min ≈ 10%

Small sample size (µL)

κ measured directly

Heating principle similar to
operating conditions

<1 °C temperature gradient

Unrealistic curing condi-
tions

Time consuming sample
preparation and calibration

SS Steady state 2 h ≈ 2%1

Standardized method
(ASTM D5470)44

Simple experimental setup
and data reduction

κ measured directly

Sample is cured at a given
BLT

Time-consuming to reach
steady state

Radiation loss and thermal
contact resistance

Requires specific size and
shape of sample

Typically large (>20C) tem-
perature gradient

LF Transient laser <1 min 3-5%1

Standardized method
(ASTM E1461-13)45

<1 °C temperature gradient

Non-contact method

Measures κ indirectly by
measuring α

Graphite coating, absolute
planarity and accurate sam-
ple thickness measurements
required

TABLE IV: Comparison of thermal measurement techniques. Accuracy of 3ω based on the standard error of the
measurements performed in this work.

A main difference between the transient and steady
state methods is the measurement time. In a steady-state
measurement, the system as a whole must reach thermal
equilibrium before measurements are done, which may
take two hours. Furthermore, parasitic heat loss and
thermal conduction through the thermocouples must be
accounted for in steady state measurement, which is a
major drawback for this technique. A significant advan-
tage of 3ω over the SS method is that the error due to

radiation loss is greatly reduced, due to the fact that
thermal radiation scales with the characteristic size of
the heater geometry. Even at 1000 K, the calculated er-
ror due to radiation is 2 %46, which means that in our
case with ∆T < 1 K, this error source can be neglected.
A drawback of the 3ω method is that the calibration of
the β parameter is very time consuming, usually taking
3-4 hours. This drawback can be overcome, however,
either by (1) making the 3ω sensor reusable, or (2) stan-
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dardizing the fabrication process of the 3ω sensor chips by
using photolithography. It is then expected that two sen-
sors from the same batch process should have the same
β value. The option of making the sensor reusable could
be realized by applying a thin nonstick layer on top of
the sensor, such that the sample can be easily removed
after measurement.

Contact thermal resistance is a major source of error in
contact techniques. In 3ω, this is omitted by the choice
of frequency band, avoiding the higher frequencies where
the interface resistance contributes to the result. In SS
method, measurements of different sample thicknesses
will eliminate the interface resistance, however, at the
expense of longer time needed for testing. In this com-
parison, LF is the only non-contact method, since it uses
a laser pulse to heat the front side of the sample and an
IR detector to read the time-dependent temperature on
the sample’s backside. Radiation losses are accounted for
by the thermal model used to fit the results. However,
the sample preparation is not straightforward. The sam-
ple needs to be a specific size and shape, and is usually
prepared by spraying a layer of graphite to act as an ab-
sorber. Accurate measurements of sample thickness are
critical, as well as absolute planarity. The thickness of
the sample is limited by the timescales associated with
the heating and IR sensing. Commercial instruments can
measure samples down to around 100 µm depending on
the thermal diffusivity of the material, and for thinner
films, the 3ω method or thermoreflectance methods are
needed47. A clear drawback of the LF technique, is that
it is an indirect way of measuring κ, by measuring the
thermal diffusivity α and calculating the thermal con-
ductivity by κ = ραCp, where the density ρ and specific
heat Cp must be measured from separate experiments.
So even if the LF measurement itself can be performed
within seconds for most solids, the required additional
measurements adds up to significantly more. Addition-
ally, the separate measurements of ρ and Cp may result
in larger errors22. Depending on the accuracy needed,
reference measurements of samples with similar Cp and
ρ can be used, omitting the measurements of these for
the specific sample.

A drawback of the 3ω method when measuring con-
ductive samples, as in this work, the need for a dielectric
layer introduces an extra thermal resistance and reduces
measurement accuracy. However, with a thin (50 nm)
dielectric layer, the accuracy is negligibly affected in the
low-frequency limit. This is due to the large thermal pen-
etration depth (lth) at the measurement frequencies com-
pared to the dielectric layer thickness (t), with the first
being over three orders of magnitude larger than the lat-
ter. Lubner et al.31 showed that the dielectric layer had
a negligible effect on the overall experimental error.

V. CONCLUSION

We report on the thermal transport in a novel AgPS-
ICA that can achieve similar thermal and electrical con-
ductivities as conventional ICAs with only a small frac-
tion of the silver content. We measured the thermal
conductivity of AgPS-ICAs using the bidirectional 3ω
method. A progressive, near-linear enhancement of ther-
mal conductivity was seen as a function of AgPS vol-
ume fraction. For 50 vol.% AgPS, corresponding to 3.4
vol.% silver, the thermal conductivity of the AgPS-ICA
was 2.03±0.21 W m−1 K−1. For conventional silver flake
ICAs, the volume fraction of silver would be nearly 20
vol.% silver in order to achieve a similar thermal con-
ductivity. The results were discussed and compared to
measurements by SS and LF, and the methods were com-
pared in terms of applicability to AgPS-ICAs.
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