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ABSTRACT: Porous metals are used in interfacial transport
applications that leverage the combination of electrical and/or
thermal conductivity and the large available surface area. As
nanomaterials push toward smaller pore sizes to increase the total
surface area and reduce diﬀusion length scales, electron conduction
within the metal scaﬀold becomes suppressed due to increased
surface scattering. Here we observe the transition from diﬀusive to
quasi-ballistic thermal conduction using metal inverse opals (IOs),
which are metal ﬁlms that contain a periodic arrangement of
interconnected spherical pores. As the material dimensions are
reduced from ∼230 nm to ∼23 nm, the thermal conductivity of
copper IOs is reduced by more than 57% due to the increase in
surface scattering. In contrast, nickel IOs exhibit diﬀusive-like conduction and have a constant thermal conductivity over this size
regime. The quasi-ballistic nature of electron transport at these length scales is modeled considering the inverse opal geometry,
surface scattering, and grain boundaries. Understanding the characteristics of electron conduction at the nanoscale is essential to
minimizing the total resistance of porous metals for interfacial transport applications, such as the total electrical resistance of
battery electrodes and the total thermal resistance of microscale heat exchangers.
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In the present work, we use metal inverse opals having feature
sizes down to ∼23 nm to demonstrate the eﬀects of pore size on
thermal conduction in a metal inverse opal (IO), which is a metal
thin ﬁlm that contains a lattice of close-packed, interconnected
spherical voids. Inverse opals have been used because of their
tunable periodicity, diﬀractive and optical properties, ﬂuid
permeability, and high surface area-to-volume ratio for
applications including photonic crystals,4−11 phononic crystals,12
catalytic surfaces,13−15 sensors,16 membranes,17 supercapacitors,18 and battery electrodes.1,2,19−21 Microﬂuidic heat exchangers are one of the promising thermal applications for metal
IOs due to the high thermal conductivity of the metal and the
large ﬂuid-accessible surface area, which enables a low total
thermal resistance. However, while enhanced phonon surface
scattering has been demonstrated in polycrystalline silicon IOs,12
there has been relatively little work to characterize the eﬀective
thermal conductivity of metal IOs.
We directly measure the eﬀective thermal conductivity in both
the diﬀusive and quasi-ballistic regimes for nickel and copper IOs
using a version of the 3ω technique. The diﬀusive conductivity is

orous metals uniquely combine a continuous conductive
scaﬀold with a tunable porous morphology for enhanced
interfacial transport in applications ranging from electrochemical
surfaces1,2 to microscale heat exchangers.3 The total thermal and
electrical resistance of a porous metal used for interfacial
transport is comprised of the conduction resistance in the metal
and the transport resistance across the interface. For example, in
microscale heat exchangers the high thermal conductivity metal
spreads heat and maximizes the thermally accessible porous
volume to leverage the large available surface area for heat
transfer across the solid−ﬂuid interface. The surface properties of
a porous medium depend on the absolute dimensions of the
porous material, and many interfacial transport applications, such
as convective heat transfer, favor reduced pore sizes to increase
the speciﬁc surface area and to decrease diﬀusion lengths. In
contrast, the conductivity of a porous metal is only a function of
the material composition and the relative geometric arrangement
of the phases. However, as the characteristic length scale of the
dominant conduction pathway is reduced to nanoscale
dimensions, electron scattering from the pore surfaces becomes
increasingly signiﬁcant and reduces the eﬀective conductivity.
Consequently, there is a trade-oﬀ between reducing pore size to
enhance interfacial transport and increasing pore size to improve
conductivity for nano- and mesoporous metals.
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shown to agree well with eﬀective medium theory and ﬁnite
element models, and we observe a suppression of the eﬀective
conductivity when the conduction length scales become
comparable to the bulk mean free path (MFP) of the electrons.
The bulk MFP of conduction electrons in metals (∼101 nm) is
generally much shorter and with a narrower distribution than
phonons in single crystal semiconductors like Si (∼102−103 nm),
and therefore the transition to quasi-ballistic conduction occurs
at much smaller length scales compared to phonons in
crystals.22−24 Hung et al. measured the change in electrical
conductivity of gold IOs with pore size and attributed this
suppression to surface scattering for pore sizes below 500 nm.25
We show that the conduction network in a face-centered cubic
(FCC) IO is well-modeled by a series of interconnected spaceﬁlling hard spheres that occupy tetrahedral and octahedral
interstitial sites in the lattice as shown in Figure 1, and the

equivalency described by the Wiedemann−Franz Law, the size
eﬀect scaling of thermal conductivity is expected to also apply to
the electrical conductivity.
Inverse opals are formed by templated deposition, where the
IO material is deposited into the interstitial spaces of a sacriﬁcial
opal template, which is a close-packed, periodic arrangement of
monodisperse spheres. After removing the opal template, the
resulting IO is comprised of a continuous scaﬀold containing a
periodic arrangement of interconnected spherical pores. The
porosity can be tuned either through modifying the opal
template (e.g., sintering the opal) or through postfabrication
material processing (e.g., electropolishing). Sacriﬁcial opal
templates can be self-assembled from both SiO24−7,12,26−29 and
polymer1,2,8,13−16,18,19,30−36 spheres having diameters as small as
one hundred nanometers and as large as several microns. These
spheres are self-assembled into close-packed opals using spin
coating,28 vertical deposition,1,2,5,8,26,27,29,33−35 sedimentation,4,13,30 and ﬂow cells.31,32 The opal quality and geometric
properties (e.g., pore size, window size, opal thickness) can be
tuned through the self-assembly parameters, including the sphere
diameter, sphere concentration, solvent evaporation rate, and
annealing conditions. There are comprehensive reviews of opal
self-assembly methods and the governing physics available in the
literature.9,10,37 Diﬀerent materials have been used to form the
IO including metals,1,2,7,8,14,18,20,27,31 semiconductors,4,5,12 polymers,6,15−17,32,34 and oxides,13,19,30,33,35,36 and these materials
can be deposited using electrodeposition,1,2,8,14,18−20,31 electroless deposition,27 chemical vapor deposition,4,5,12 and capillary
inﬁltration.7,13,15,16,30,32−35 Opals and IOs have been grown as
thick as 100 μm31 and over areas as large as a 4-in. silicon wafer.28
In the present work, metal IOs are fabricated using
electrodeposition into polystyrene opal templates, where the
sacriﬁcial template (i.e., the opal) deﬁnes the resulting
morphology of the electrodeposited metal (i.e., the inverse
opal). The opal template is synthesized using an adaptation of the
convective vertical deposition technique (Figure 2a−f) described
by Yu et al.8 In this method, a hydrophilic metal-coated substrate
is placed vertically into a heated well that contains a suspension of
nanospheres. As the solvent evaporates, the edge of the meniscus
travels along the surface of the substrate and the nanospheres are
pulled into a crystal by capillary forces. After drying, the opal is
annealed to improve the integrity of the crystal by fusing adjacent
spheres together; these points of contact determine the window
size connecting adjacent pores in the IO. The opal is then used as
a template for electrodeposition of both nickel and copper IOs,
where the metal is deposited into the interstitial spaces between
the spheres beginning at the substrate surface (Figure 2g).
Galvanostatic (i.e., constant current) electrodeposition is
performed in a three-electrode cell using the electrochemical
parameters given in the Supporting Information. After the metal
is deposited, the substrate is placed in tetrahydrofuran to dissolve
the polystyrene spheres (Figure 2h). The resulting IO contains a
large-grained FCC crystalline array of interconnected, monodisperse pores as shown in Figure 2i. The pore size of each IO is
determined by the diameter of the nanospheres in the opal,
which are selected to produce IOs having pore sizes ranging from
100 to 1000 nm (Figure 3). The thickness of the IO is
determined by the electrodeposition time and can be as large as
the thickness of the opal template. A more detailed description of
the opal self-assembly and IO synthesis can be found in the
Methods section and the Supporting Information.
We measure the eﬀective thermal conductivity of the IOs using
the 3ω method,38−42 which is an electrothermal frequency-

Figure 1. Schematic of a face-centered cubic (FCC) inverse opal unit
cell (left) with space-ﬁlling spheres located at the characteristic
interstitial sites (right). The inverse opal geometry is described by a
cubic unit cell containing a FCC arrangement of spherical pores that are
connected to the adjacent pores by circular windows. The solid volume
is comprised of both octahedral sites (green) and tetrahedral sites (red).
The volume of each site can be approximated by space-ﬁlling hard
spheres that have characteristic diameters relative to the inverse opal
pore diameter d. The conduction pathway in an inverse opal (indicated
by red arrows) can be represented by a network of interstitial spheres
connected by continuous linkages (blue).

diameter of these spheres provides a simple estimate for a
characteristic conduction length scale. The following work
demonstrates the accuracy of this model through more rigorous
calculation of the conduction length scale in a FCC IO by solving
the complete volume-averaged integral. This model suggests that
the tetrahedral sites are the primary constriction for conduction
electrons. Since both thermal and electrical conduction in a metal
are governed by the same electron transport physics in an
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Figure 2. Overview of metal inverse opal synthesis. (a) Sulfate-terminated polystyrene spheres are suspended in deionized water and self-assembled into
a close-packed opal using convective vertical deposition. (b) The substrate is placed vertically into a well ﬁlled with the sphere suspension. (c) The base
of the well is heated to induce convective currents within the suspension to provide gentle mixing. (d) As the solvent evaporates, the meniscus travels
along the length of the substrate, pulling the spheres into a close-packed crystal. (e,f) The resulting opals are crystalline and with a well-deﬁned number
of layers as demonstrated via scanning electron microscopy (SEM). (g) Metal is then electrodeposited into the interstitial volume, beginning at the
substrate, to form the inverse opal. (h) The opal template is then dissolved to form the inverse opal, which is characterized by a crystal of spherical pores
(with diameters equal to the diameter of the polystyrene spheres) that are connected by interpore windows. (i) This is shown for a representative nickel
inverse opal having pore diameter 600 nm using SEM imaging.

Figure 3. Representative scanning electron micrographs of opals and inverse opals fabricated and studied in the present work having pore diameters
ranging from 100 to 1000 nm. This includes cross-sectional images of the opal template (top row) and nickel inverse opals (middle row) as well as plan
view images of the nickel inverse opals (bottom row). These ﬁlms range from 2 to 8 μm in thickness. The scale bars in the inset plan view SEM images are
300 nm.

domain measurement that uses a single metal line to
simultaneously generate Joule heating and detect the corre-

sponding temperature rise. In brief, the metal line is driven by a
current at frequency ω to generate Joule heating and temperature
2756
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oscillations at frequency 2ω. The linear relationship between
temperature and resistance in a metal causes resistance
ﬂuctuations at frequency 2ω, which are detected by a voltage
at frequency 3ω. We implement this method using a previously
reported43 measurement conﬁguration and microfabricated
device structure, where the IO is synthesized directly above an
electrically passivated heater/thermometer device on a fused
silica substrate (see Figure 4). The driving current is chosen to

ΔT =

×

∞

B+(m) + B−(m)
A (m)B−(m) − A−(m)B+(m)
+

sin 2(mb)
dm
γjm2

(2a)

ω
αj

(2b)

where P is the heating power, L and b are the length and halfwidth of the heater, respectively, kj and αj are the thermal
conductivity and diﬀusivity of the jth layer, and A and B are
dimensionless parameters solved using a recursive matrix
method. For the IO thermal property measurement, the eﬀective
isotropic thermal conductivity and heat capacity of the inverse
opal layer are used as ﬁtting parameters, while the thickness is
determined independently using cross-sectional scanning
electron microscopy. The IO is treated as an eﬀective medium
(i.e., spatially homogeneous properties) since the thermal
penetration length, heater width, and IO ﬁlm thickness are all
large compared to the individual pore diameter. The measurement conﬁguration in the present work is uniquely sensitive to
both the eﬀective thermal conductivity keff and the heat capacity
Cv,eff of the IO over the selected frequency range (see Supporting
Information); this enables the independent extraction of both keff
and Cv,eff using a simultaneous multiparameter ﬁt.
The composite properties of porous media are commonly
modeled using eﬀective medium theory (EMT), where a
multicomponent composite is treated as a homogeneous
material with a single set of eﬀective properties. These models
contain parameters corresponding to the composition of the
composite and the geometric arrangement of the components. In
a binary porous medium (i.e., one solid phase and one porous
phase), the composition is equivalently described by either the
solid volume fraction 0 < Φ < 1 or the porosity ε = 1 − Φ, and the
geometric arrangement deﬁnes the functional form of the
eﬀective property relation. When the porous volume has a
negligible thermal conductivity compared to the solid
component, the anisotropic limit of the eﬀective thermal
conductivity keff,VF for one-dimensional conduction scales
linearly with the thermal conductivity of the solid component
ksolid and the solid volume fraction Φ:

adjust the temperature rise seen at the heater to ∼1 K, which
provides a large signal-to-noise ratio without sensing any
temperature-dependent thermal properties or requiring consideration of nonlinear Joule heating in the metal line. The detailed
preparation of IO synthesis on microfabricated devices is
described in the Supporting Information.
The measured voltage signal at the third harmonic V3ω is
mapped to the spatially averaged temperature rise in the heater
ΔTexp:39
2V3ω(dT /dR )
IRMS

∫0

γj = kj m2 − i

Figure 4. (a) Top and side view of electrically passivated 3ω thermal
characterization devices immediately following microfabrication. (b)
Top and side view of the same devices after metal seed layer and inverse
opal deposition. A more detailed description of these devices is available
in the literature.43

ΔTexp =

P
2πLb2

keff,VF = ksolid Φ

(3)

This is equivalent to modeling the two components as parallel
resistors and denotes the boundary in the design space of porous
media. However, the three-dimensional conduction pathway in
an IO is both isotropic and tortuous, and the eﬀective thermal
conductivity is reduced relative to eq 3 due to macroscopic
bending of the heat ﬂux vectors and the subsequent increase in
conduction path length. Maxwell presents an EMT expression
for conduction in a solid matrix that contains a uniform but dilute
arrangement of spherical pores:45,46

(1)

where dT/dR corresponds to the measured linear relationship
between temperature and resistance in the metal line and IRMS is
the root-mean-squared current. The temperature oscillations at
the heater are a function of the thermal properties of the
surrounding materials located approximately within the thermal
penetration length L thermal ≈ α /ω of the heater, where α is the
eﬀective thermal diﬀusivity of the system. The unknown thermal
properties of the multilayered stack (see Figure 4) are extracted
using a least-squares ﬁtting algorithm to compare the measured
thermal frequency response ΔTexp(ω) to the analytical heat
diﬀusion equation over the measurement frequency range (200−
3000 Hz in the present work). The spatially averaged
temperature rise ΔT(ω) at the location of heating for a
multilayered system is derived40,44 to be

⎛ 2Φ ⎞
⎟
keff,maxwell = ksolid⎜
⎝3 − Φ⎠

(4)

Datta et al. show that Maxwell’s model closely agrees with more
comprehensive EMT models for FCC crystals of spherical pores
with volume fractions that approach the close-packed limit.47 A
more detailed treatment of EMT conduction models for porous
media is compiled by Aichlmayr and Kulacki.46 While EMT is
often used to predict scaling laws for composite media having an
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unknown arrangement of phases or stochastically distributed
porosity, the well-deﬁned and periodic geometry of a IO can be
more accurately modeled using ﬁnite element analysis. By
varying the ratio of pore diameter to unit cell size, the eﬀective
thermal conductivity is extracted for a range of solid volume
fractions, including the close-packed limit (ΦIO = 0.26) and
approaching the minimum required volume fraction for a
continuous solid phase (ΦIO,min = 0.036).1 The ﬁnite element
model demonstrates that Maxwell’s model overpredicts the
eﬀective conductivity for close-packed and high-porosity inverse
opals but agrees to within 5% for low porosity ε < 0.65 (or
equivalently Φ > 0.35) as shown in Figure 5a. In the diﬀusive
limit, the thermal conductivity of a close-packed FCC inverse
opal (ΦIO = 0.26) is independent of pore size with a value of
kIO,diff ≈ 0.16ksolid, which is representative of the FCC IOs
synthesized in the present work.
As the pore diameter d is reduced to submicron length scales,
there is an increase in surface scattering of the conduction energy
carriers within the IO; this eﬀect becomes signiﬁcant when the
geometric conduction length scale approaches the diﬀusive MFP
Λdiff of the energy carriers (e.g., Λdiff = 39 nm for electrons in
copper at room temperature,48,49 see Supporting Information).
The surface-limited MFP Λsurface (i.e., the ballistic limit) for a
close-packed FCC IO unit cell is approximated by computing the
ro in the solid volume to
mean distance from all points of origin ⇀
all possible line-of-sight surface points:
Λ surface =

1
V

⎤

⎡

∮V ⎢⎣ 41π ∫ϕ ∫θ L(⇀ro , θ , ϕ)sin θ dθ dϕ⎥⎦d3⇀ro
(5)

where the trajectory of the particle is deﬁned by a polar angle θ
and an azimuthal angle φ. This strategy provides an estimate of
the electron MFP in a complex, arbitrary geometry using a
simpliﬁed approach modeled after the canonical Fuchs−
Sondheimer formalism for electron surface scattering.50,51 The
integral in eq 5 is numerically computed by considering a ﬁnite
set of energy carriers with randomly sampled origins in an IO unit
cell with periodic boundary conditions. A straight line is drawn
from each origin point ⇀
ro in a randomly selected direction (θ,φ)
rf , and the total path
until it ﬁrst intersects a pore surface at point ⇀
ro , θ , φ) = |⇀
rf (⇀
ro , θ , φ) − ⇀
ro | is recorded. The
length L(⇀
surface-limited MFP Λsurface is numerically calculated by
sampling L for a statistically large ensemble of n points, each
having an arbitrary origin and trajectory:
⎛1
Λ surface = lim ⎜⎜
n →∞⎝ n

n

⎞

i=1

⎠

∑ Li⎟⎟

Figure 5. (a) Thermal conductivity scaling with volume fraction in the
diﬀusive conduction regime. The volume fraction scaling (red line)
given by eq 3 corresponds to the physical upper bound for a onedimensional porous medium (i.e., parallel resistors) but overestimates
the thermal conductivity of any isotropic porous medium. Maxwell’s
model (green line) given by eq 4 is an eﬀective medium approximation
that accounts for the macroscopic bending of the heat ﬂux around a
regular but dilute arrangement of spherical pores. A ﬁnite element model
(blue line) provides a more accurate prediction of thermal conductivity
for an exact FCC arrangement of spherical pores in a solid matrix, which
agrees well with the data. (b) Thermal conductivity scaling with pore
diameter for close-packed inverse opals (ΦIO = 0.26) in the quasiballistic conduction regime. For large pores, the thermal conductivity is
independent of pore size and converges to the diﬀusive limit (dashed
lines). As the pore size is reduced, the geometric length scales of the
inverse opal become comparable to the mean free path of the energy
carriers, which results in increased surface scattering and a reduced
eﬀective thermal conductivity (solid lines) described by eq 9.
Experimental data are shown for copper (blue) and nickel (green)
inverse opals.

(6)

The trajectory is deﬁned by a polar angle θ and an azimuthal
angle φ that are randomly sampled over all cos(θ) in the domain
[−1,1] and φ in the domain [0,2π]. For an FCC IO with pore
diameter d and unit cell side length a, eq 6 converges to Λsurface ≈
0.165a or alternatively Λsurface ≈ 0.233d, which is nearly equal to
the tetrahedral site diameter dtet = 0.225d characteristic of an
FCC hard sphere model as shown in Figure 1. This
approximation has been previously utilized by Hung et al. to
model electrical transport in gold inverse opals.25 This suggests
that the conduction pathway in an IO is well-modeled using a
series of interconnected spheres centered at the interstitial sites.
Quasi-ballistic conduction is primarily limited by the tetrahedral
sites, which are the smaller of the two types of interstitial sites.

The diﬀusive electron MFP Λdiff of a polycrystalline metal can
be reduced by grain boundary scattering and other crystal
defects, and these eﬀects can be ampliﬁed owing to the
fabrication details pursued here. The average size of the
individual grains dGB has been observed to scale approximately
linearly with feature size in nanoscale materials.12,52 We use X-ray
diﬀraction (XRD) to estimate dGB as a function of template
feature size, but we observe negligible changes in dGB between
IOs having the largest and smallest pores (see Supporting
Information). This can be attributed to grains being smaller than
the IO feature size, where grain growth during electrodeposition
is only minimally aﬀected by template boundaries. Furthermore,
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transport properties, which are strong functions of the surface
area-to-volume ratio. For a close-packed FCC IO unit cell with
pore diameter d and side length a = d 2 , the surface area-tovolume ratio γ scales with the inverse of the pore diameter:

surface oxidation may form over the surface area of the metal IO,
though we do not expect the surface oxide to signiﬁcantly impact
the conductivity (see Supporting Information). To minimize the
eﬀects of oxygen diﬀusion into the metal, all thermal measurements are conducted within 1 h of IO synthesis.
The combined eﬀects of surface scattering and internal
scattering (e.g., electron−phonon, electron−grain boundary) in
an IO are modeled by an eﬀective MFP ΛIO using Matthiessen’s
rule:
−1
⎡ 1
1 ⎤
ΛIO = ⎢
+
⎥
Λsurface ⎦
⎣ Λdiff

γ=

kIO,diff

=

ΛIO
0.233d
=
Λdiff
0.233d + Λdiff

(7)

(8)

The total thermal conductivity of an inverse opal kIO is then
expressed by scaling the diﬀusive IO thermal conductivity kIO,diff
≈ 0.16ksolid determined from the ﬁnite element model with the
reduction function given by eq 8:
kIO =

0.233d
(0.16ksolid)
0.233d + Λdiff

(10)

For both electrochemical and thermoﬂuidic interfacial transport
applications of metal IOs, the total resistance is approximated by
the sum of the conduction resistance (∼1/kIO) and the interfacial
resistance (∼1/γ). In the diﬀusive conduction limit, kIO is
independent of d and the surface area γ scales with 1/d; the total
resistance is minimized for small pore sizes that maximize the
solid−liquid interfacial surface area. However, if the pore size
becomes suﬃciently small to cause signiﬁcant surface scattering
of the electrons, the dichotomous scaling of conduction
resistance (∼1/d) and interfacial resistance (∼d) with pore
size suggests an optimization for minimizing the total resistance.
For example, in an electrochemical system (e.g., an IO-based
battery electrode1) a high electrical conductivity is needed to
minimize parasitic voltage drops within the electrode while a
large surface area and short diﬀusion length is needed to
maximize electrochemical activity at the electrode−electrolyte
interface. In a thermoﬂuidic system (e.g., microﬂuidic heat
exchanger), a high thermal conductivity is needed to spread heat
away from the source to maximize the thermally accessible area of
the solid−liquid interface. However, the ﬂow ﬁelds within an IO
exhibit a more complicated dependence on pore size, and the
design of an IO-based microﬂuidic heat exchanger requires more
detailed consideration of the ﬂow conﬁguration to accurately
predict pressure gradients, heat transfer coeﬃcients, and total
convection resistances.
Concluding Remarks. Here we utilize a three-dimensional
metal macrostructure (∼105 nm) to demonstrate quasi-ballistic
electronic thermal transport properties from a high-density
network of nanoscale features (∼102 nm). This ﬁnding is
consistent with our model for enhanced surface scattering along
the principal conduction pathway in a FCC inverse opal. The
size-eﬀect scaling of thermal conductivity also describes the
electrical conductivity scaling of metal inverse opals, which is
important for electrical and electrochemical applications.
Engineering the thermal conductivity of a porous metal is the
ﬁrst critical step in the design of microscale heat exchangers and
enhanced heat transfer surfaces. Conduction in the porous metal
spreads heat from the source throughout the porous volume to
leverage the large available solid−ﬂuid interfacial area. Another
set of critical factors are deﬁned by the properties of the porous
volume, which determines the eﬃcacy of heat transfer across the
solid−ﬂuid interface. A full heat exchanger analysis additionally
requires consideration of heat transfer coeﬃcients and hydraulic
parameters such as ﬂuid permeability and capillary pressure.
While IOs represent an important class of porous morphologies,
the conduction principles outlined here can be adapted to
describe conduction in other porous metals containing nanoscale
feature sizes, such as sintered copper, woodpile scaﬀolds, or
nanowire networks.
Methods. Opal Self-Assembly by Convective Vertical
Deposition. In the present work, crystalline FCC opals are
prepared by convective vertical deposition.8 An aqueous
suspension of sulfate-terminated polystyrene spheres (Life
Technologies Corporation) is diluted to 0.4% w/v and sonicated
for 15 min to disperse the spheres. A substrate is prepared by
depositing a metal seed layer (5 nm Ti + 50 nm Au) onto the

Kinetic theory deﬁnes a linear relation between the thermal
conductivity and the MFP of the energy carriers under the gray
approximation, which is reasonable since electrons in metals have
a narrow MFP distribution with energy.22 A thermal conductivity
reduction function is given by combining the results of eq 6 with
the expression given by eq 7:
kIO

2π
d 2

(9)

For d ≫ Λdiff, eq 9 converges to the diﬀusive limit kIO,diff. The
eﬀective thermal conductivity scaling with pore size is shown in
Figure 5b.
Experimental data are obtained for both copper and nickel
inverse opals having pore diameters from 100 to 1000 nm. We
implement the Drude−Sommerfeld model to estimate Λdiff for
electrons in both copper and nickel at 293 K, which yields Λdiff,Cu
= 39 nm and Λdiff,Ni = 6 nm, respectively (see Supporting
Information). This is consistent with values reported in the
literature.53 For the largest pore size (d = 1000 nm), the
measured thermal conductivity for both copper and nickel aligns
with the diﬀusive limit kIO,diff from the ﬁnite element model. In
this regime, ΛIO ≈ Λdiff since the conduction length scales are
signiﬁcantly larger than the MFP of the electrons. Nickel IOs
have a short electron MFP and exhibit diﬀusive-like conduction
down to d = 100 nm; we observe an approximately constant
conductivity for all nickel IOs in the present work. Copper has a
comparatively long electron MFP, and consequently the
conductivity monotonically decreases with pore size in this size
regime. Our results for copper are consistent with the observed
reduction in electrical conductivity by Hung et al.25 for gold IOs
having pore sizes below 500 nm, and the copper IO data agrees
well with the surface scattering model given by eq 9. For the
copper IO with the smallest pore size (d = 100 nm), the eﬀective
thermal conductivity kIO is only 43% of the measured thermal
conductivity for d = 1000 nm. In addition, we measure the
electrical conductivity (see Supporting Information) of a 100 nm
diameter copper IO and observe a reduction in conductivity to
∼40% of the diﬀusive IO conductivity, which is comparable to
the thermal conductivity reduction and consistent with the
Wiedemann−Franz law.
Many applications of microscale porous media leverage the
large available surface area to enhance the eﬀective interfacial
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previously reported.43 Each heater line is nominally 1000 μm
long and 5 μm wide and has a measured resistance that ranges
from R = 430−470 Ω at room temperature, which gives a heater
sensitivity of dR/dT = 1.17−1.26 Ω/K. All 3ω measurements are
performed using a current source (Keithley 6221) over the
frequency range 200−3000 Hz with a driving current of 3 mA
during calibration and 4−5 mA during the inverse opal
measurement. The 3ω voltage signal is isolated using cascaded
diﬀerential ampliﬁers (Analog Devices AD8221) and detected
using a lock-in ampliﬁer (Stanford Research Systems SR830).
Additional details of the thermal conductivity measurement,
including the device fabrication, calibration methodology, and
sensitivity and uncertainty analyses, are given in the Supporting
Information.
Finite Element Model. The diﬀusive thermal conductivity of
an inverse opal kIO,diff is determined using the commercial
software package COMSOL. A cubic unit cell is generated with
uniform spherical pores arranged in an FCC lattice. Heat transfer
is neglected in the pores since the conductivity of the metal
inverse structure is much larger than the conductivity of the ﬂuid
in the pores. Since an FCC arrangement is isotropic, the thermal
conductivity is the same along each of the three principal axes.
Adiabatic boundary conditions are imposed on the four lateral
sides of the unit cell (since these are symmetry planes), and
constant temperature boundary conditions are imposed on the
top and bottom surfaces. The eﬀective thermal conductivity is
then calculated by numerically computing the equilibrium heat
ﬂux for the imposed temperature diﬀerential and applying
Fourier’s law. The pore size is varied while maintaining a constant
unit cell side length to sweep solid volume fractions.

surface using electron beam evaporation through a shadow mask
to pattern the seed layer. The substrate is immersed in 1 mM
aqueous sodium 3-mercapto-1-propanesulfonate for a minimum
of 24 h to form a self-assembled monolayer that renders the Au
surface hydrophilic. Convective vertical deposition is performed
in a tissue culture plate (Corning Inc.) containing a 48-well array
of individual 9 mm diameter and 20 mm deep cylindrical wells. A
copper plate is aﬃxed using thermal grease to the bottom of the
culture plate as a heat spreader to ensure temperature uniformity
across all of the wells. The culture plate is placed on a hot plate in
ambient air, and the temperature is adjusted until the base of the
well is at 50−55 °C (measured by a thermocouple at the base of
the well). The substrate is then placed vertically into a well, and
0.5 mL of nanosphere suspension is transferred into the well via
pipet. As the solvent evaporates (∼12 h), the edge of the
meniscus travels along the surface of the substrate, and the
nanospheres are pulled into a crystal by capillary forces. The
heated base is used to induce convective mixing to prevent
sedimentation of the spheres and to replenish spheres at the edge
of the meniscus as they are pulled out of suspension and into the
opal. The opal is then annealed in an oven at 95 °C for 5 h (1 h for
100 nm-diameter spheres) to sinter adjacent spheres together
and to enhance the cohesiveness of the crystal. Increasing the
sintering time and/or temperature increases the degree of
connectivity and increases the interpore window size.
Electrodeposition of Inverse Opal. Metal is electrochemically
deposited into the interstitial volume of the opal template using
galvanostatic electrodeposition. The substrate is prepared by
aﬃxing a PTFE-coated wire to the buried working electrode
using colloidal silver paint (Electrodag 1415, Ted Pella Inc.), and
the connection is covered with epoxy (5 min Epoxy, Devcon
Inc.) to prevent electrodeposition onto the point of attachment.
A three-electrode electrochemical cell is set up in a 50 mL glass
beaker with a large area (∼10 cm2) counter electrode placed
vertically on one side of the beaker. It is critical to properly wet
the opal to ensure complete inﬁltration of plating solution and
therefore uniform inverse opal coverage (see Supporting
Information). After wetting the opal, the substrate is immediately
placed into the electrolyte bath on the opposite side of the beaker
such that the working electrode is separated from the counter
electrode by ∼2 cm. The reference electrode (Ag/AgCl, BaSi
Inc.) is suspended over the center of the beaker. Galvanostatic
(i.e., constant current) electrodeposition is performed over the
total seed layer area of 0.07 cm2, and the eﬀective current density
is given by the total current over the total seed layer area. The
true current density will be larger since a signiﬁcant fraction of
the working electrode is masked by the opal template. In the limit
of uniform electrodeposition, the exposed working electrode area
varies with depth into the opal, and this causes a time-dependent
current density as observed by an oscillating voltage signal with
deposition time (see Supporting Information). The inverse opal
thickness is chosen to contain a minimum of 6 layers of pores as
tuned by the total electrodeposition time, which corresponds to
2−8 μm-thick inverse opals. After electrodeposition, the sample
is placed in two sequential baths of tetrahydrofuran at 40 °C for 1
h each to dissolve the polystyrene spheres, and afterward the
sample is rinsed with deionized water and ethanol. For the
substrates containing microfabricated thermal characterization
devices, additional details of the inverse opal synthesis are
available in the Supporting Information.
Thermal Characterization Methodology. The eﬀective
thermal conductivity of each inverse opal kIO is measured using
a microfabricated substrate implementation of the 3ω method as
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