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High aspect ratio metal nanostructures are commonly found in a broad 
range of applications such as electronic compute structures and sensing. 
The self-heating and elevated temperatures in these structures, however, 
pose a significant bottleneck to both the reliability and clock frequencies of 
modern electronic devices. Any notable progress in energy efficiency and 
speed requires fundamental and tunable thermal transport mechanisms 
in nanostructured metals. In this work, time-domain thermoreflectance is 
used to expose cross-plane quasi-ballistic transport in epitaxially grown 
metallic Ir(001) interposed between Al and MgO(001). Thermal conductivi-
ties ranges from roughly 65 (96 in-plane) to 119 (122 in-plane) W m−1 K−1 for 
25.5–133.0 nm films, respectively. Further, low defects afforded by epitaxial 
growth are suspected to allow the observation of electron–phonon coupling 
effects in sub-20 nm metals with traditionally electron-mediated thermal 
transport. Via combined electro-thermal measurements and phenomenolog-
ical modeling, the transition is revealed between three modes of cross-plane 
heat conduction across different thicknesses and an interplay among them: 
electron dominant, phonon dominant, and electron–phonon energy conver-
sion dominant. The results substantiate unexplored modes of heat transport 
in nanostructured metals, the insights of which can be used to develop 
electro-thermal solutions for a host of modern microelectronic devices and 
sensing structures.
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aggressive electron scattering with their 
extreme down-scaling produces sharp 
spikes in electrical resistivity, ρe—a hall-
mark of the resistivity “size effect” that has 
been observed since the early 1920’s.[4–6] 
Even Cu, a premier interconnect mate-
rial, can experience an order of magnitude 
increase in resistivity at nanoscale dimen-
sions compared to bulk.[7–9] The resulting 
self heating and thermal confinement due 
to surrounding passivation can throttle 
operating frequencies, increase energy 
consumption, and reduce the longevity 
of modern microelectronics.[10–12] With 
emerging architectures expected to have 
3D connections orders of magnitude 
denser than contemporary schemes,[13] 
a fundamental understanding of their 
electro-thermal dynamics is needed to 
construct more powerful and sustainable 
computing devices.[14–16]

Epitaxial Iridium (Ir) has shown 
promise as a dense interconnect mate-
rial and offers an ideal platform to study 
fundamental transport.[17] Uniquely low 
defects and lack of defined grain bounda-
ries from epitaxial growth have been 
shown to provide insights into the elec-

tron–phonon scattering mean-free path (Λe-p), a key parameter 
that defines the thickness scaling of resistivity.[18] Such growth 
techniques have supported demonstrations of theoretically 
low resistivity in epitaxial Ir interconnects that surpasses com-
peting metals such as Cu and Ru at the same length scales.[19] 

ReseaRch aRticle

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202207781.

1. Introduction

The dissipation of heat is one of the greatest challenges that 
limits the reliability and performance of integrated elec-
tronics.[1–3] Due to high aspect ratio metal nanostructures, 
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Although the physical mechanism behind this scaling is not 
well known, it is suspected to involve the combined transport of 
heat and charge within material systems of ultra-pure metallic 
films grown on top of single crystal dielectrics.[20]

Distinct from electrical properties, thermal transport in both 
the in- and cross-plane directions can indicate starkly differing 
transport phenomenon and the resulting temperature rise 
within metals. The Wiedemann–Franz law (WFL), often used to 
quantify the electronic contribution to in-plane thermal conduc-
tivity, is straightforward to implement given in-plane electrical 
data and can point to significant heat spreading capabilities in 
metal films. However, the WFL has been invalidated in a wide 
variety of metallic thin films owing to microstructural mecha-
nisms such grain boundary scattering and specular reflections 
that can differ vastly in the way they influence the transport of 
heat and charge.[21–24] Cross-plane thermal transport, on the 
other hand, involves electron–phonon thermalization within 
a metal where phonons ultimately traverse a metal-dielectric 
interface[25] that places limits on the ability to dissipate heat. 
With extreme scaling, however, dimensions approach the 
mean-free paths of heat carriers and a transition between their 
relative dominance can occur.[26] In this context, the epitaxial 
growth of Ir provides a foundational material system with min-
imal confounding microstructural effects and an opportunity to 
reveal the extent of electron–phonon coupling effects across a 
metal that have not been fully explored.[27,28] At present, similar 
coupling effects and their impact on thermal transport are of 
growing interest in materials such as doped/polar semiconduc-
tors,[29,30] bilayer graphene,[31] and transition metal oxides.[32] 
Understanding these effects in metals, however, can shed fur-
ther light on material systems where a coexistence of thermal 
energy carriers can be identified and tuned.

In response, we combine structural, electrical, and thermal 
measurements to perform a holistic study of the combined car-
rier transport within epitaxial Ir(001) layers grown on single-
crystal MgO(001) ranging from 6.8 to 133.0 nm in thickness. 
Prior X-ray analyses confirmed high crystallinities and lack of 
defined grain boundaries within the films.[20] In-plane electrical 
resistivity measurements were performed and analyzed with 
the semi-classical Fuchs–Sondheimer (FS) model to provide 
experimental electron–phonon mean-free path values. Using 

time-domain thermoreflectance (TDTR) with a variable fre-
quency and spot-size approach,[33] we also report both in- and 
cross-plane (κ‖ and κ⊥) Ir thermal conductivities, the thermal 
boundary conductances of Ir/MgO and Al/Ir interfaces, as well 
as the total cross-plane thermal resistances of the Ir films. With 
these data considered, we explore the electro-thermal character-
istics of Ir thin films and reveal the transition between modes 
of heat conduction that occur across different thicknesses: elec-
tron dominant, phonon dominant, and electron-phonon energy 
conversion dominant.

2. Results and Discussion

2.1. Microstructural Characterization

The Ir(001) films in this study are taken directly from prior 
works[20] and were grown on single-crystal MgO(001) substrates 
in a three-chamber, ultrahigh vacuum DC magnetron sputter 
deposition system[18] at a deposition temperature of I700 °C. 
Film thicknesses of 6.8, 9.7, 13.7, 25.5, 65.8, and 133.0 nm were 
measured via X-ray reflectivity (XRR) measurements, which 
also yielded the film roughnesses listed in Table  1. The sur-
face roughnesses are relatively low (sub-0.46 nm) for all sam-
ples, with scanning electron micrographs (SEMs) of the top 
surface of the films provided in the Supplementary Materials. 
X-ray diffraction (XRD) θ-2θ scans and ω-rocking curves indi-
cated a contribution from Ir(002) as the only detected peak over 
the measured range, thus pointing to a 001 film orientation 
(Figures S1 and S2, Supporting Information).

The narrow full-width at half-maximum (FWHM) of the 
ω-rocking curve for Ir(002) reflection indicates high crystalline 
quality with a small angular spread in the mosaic tilts of 0.67° 
suggesting small strain fields and arrays of edge dislocations. 
Assuming the Burgers vector equals the interatomic spacing 
of 0.27 nm,[34] these arrays are vertically separated by 16 nm 
and represent only zero–eight edge dislocations rather than a 
defined 2D grain boundary. Further, XRD φ-scans show the well 
aligned distribution of Ir in the plane parallel to the surface of 
the MgO substrate, confirming the epitaxial nature of the films 
and the lack of grain boundaries in the films as they possess 
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Table 1. A summary of the epitaxial Ir on MgO samples in this study. Thermal conductivity is analyzed in its component parts–electron and phonon–
where the measured thermal conductivity using TDTR is equivalent to the total. We use electrical resistivity (ρe) values at 298 K with the Wiedemann–
Franz Law (WFL) to estimate the electron contribution to the in-plane thermal conductivity (



κ ,e).[35] The parallel-plane solution to the Boltzmann 
transport equation (BTE) was then used to estimate the total in- and cross-plane thermal conductivities (κ‖ and κ⊥).[36] An Ir/MgO thermal boundary 
conductance of 182.8 ± 7.5 MW m−2 K−1 is shared for all samples.

Thickness Roughness Resistivity WFL* TDTR / BTE In-Plane TDTR / BTE Cross-Plane Al/Ir Interface

d [ nm ] σ [ nm ] ρe [ µΩ cm ]


κ ,e [ W m−1 K−1 ] κ‖ [ W m−1 K−1 ] κ⊥ [ W m−1 K−1 ] GAl-Ir [ MW m−2 K−1 ]

6.8 0.4 14.4 ± 0.6 51.3 ± 2.2 − / 75 − / 41 −

9.7 0.5 10.1 ± 0.5 73.6 ± 3.7 −/ 88 − / 53 −

13.7 0.2 8.6 ± 0.4 86.8 ± 3.6 −/ 99 − / 66 −

25.5 0.3 7.1 ± 0.3 104.2 ± 4.1 96 ± 31 / 118 65 ± 42 / 93 120 ± 11

65.8 0.1 6.4 ± 0.3 116.3 ± 4.6 112 ± 18 / 135 107 ± 20 / 124 123.8 ± 7.2

133.0 0.1 5.9 ± 0.2 125.8 ± 5.1 122 ± 11 / 141 119 ± 12 / 135 120.5 ± 5.3

*Calculated with a bulk Lorenz number of 2.49× 10−8 W Ω m K−2 at 298 K.[35]
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a single out of plane orientation (i.e., Ir [001])(Section S2, Sup-
porting Information).

2.2. Electro-Thermal Transport

Following growth, the Ir films were cooled to room tempera-
ture and resistivity (ρe) measurements were performed with a 
linear four-point probe, summarized in Table  1. The electrical 
resistivity data are fit to the semi-classical Fuchs–Sondheimer 
(FS) model.[37–39]
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where p1 and p2 are the surface specularities on the top and 
bottom side of the film, and δ is the ratio of film thickness of 
the bulk electron–phonon scattering mean-free path (MFP), 
δ  = d/Λe-p. Non-unique surface specularity, 0 ≤ p1, p2 ≤ 1, and 
Λe-p, bulk pairs are problematic in this model given their cou-
pled nature.[40–42] Thus, we assume diffuse electron scattering 
(p1 = p2 = p = 0) and fix the bulk Ir resistivity.[43] By doing so, 
Λe-p, bulk remains the only free parameter in the FS model and 
corresponds to the lower-bound of possible non-spectral elec-
tron–phonon scattering MFPs, found to be ≈14 nm via a curve 
fit shown in Figure  S1e (Supporting Information). We note 
that although the FS model underestimates the 6.8 nm film 
data, the entire thickness series is sensibly described by the FS 
model given its difficulty in correctly predicting electrical resis-
tivity for sub-20 nm layers.[17]

Thermal conductivity is analyzed in its component parts—
electron and phonon—under a similar paradigm to previous 
reports.[44,45] To estimate the in-plane electron contribution to 
thermal conductivity (



κ ,e), we use the WFL with a bulk Lorenz 
number for Ir.[35] The total thermal conductivity, however, was 
approximated with an infinite plane solution to the Boltzmann 
Transport Equation (BTE).[36] The total cross-plane thermal con-
ductivity is expressed as,
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and the total in-plane thermal conductivity is expressed as
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where κbulk is the bulk thermal conductivity of Ir.[46] A summary 
of both estimates is provided in Table 1.

TDTR was used to extract the thermal conductivity 
and the thermal boundary conductances surrounding the 
25.5−133.0 nm -thick Ir films, where the measured thermal 
conductivity is equivalent to the total (κmeasured = κ = κe + κp). 
The thermal model used to interpret the TDTR signal consisted 
of three planar layers (Al transducer, Ir film, and an MgO semi-
infinite substrate), shown in Figure  1a along with the TDTR 

experiment. To probe thermal anisotropy, the disparity between 
the root-mean-square (RMS) average laser spot radius (w0) and 
the in-plane thermal penetration depth was leveraged to induce 
either 1D or 3D heat transfer.[33] As such, we used two RMS 
pump/probe beam radii (3.93 and 1.57 µm) and pump modu-
lation frequencies (10 and 3 MHz) (Figure  S5, Supporting 
Information).

Sensitivity to the relevant thermal properties was determined 
from a sensitivity analysis calculation, displayed in Figure 1b–e 
(Section S7, Supporting Information). We considered the ratio 
(−Vin/Vout) and in-phase (Vin) signals at differing thicknesses 
and RMS beam pump/probe spot radii. Input properties for 
this calculation are listed in both Table  1 and Table S2 (Sup-
porting Information). As seen in Figure 1b,d, the Al/Ir and Ir/
MgO interfaces dominate the thermal response of the 6.8 nm 
Ir film. As such, the effective thermal resistance of the 6.8 nm 
Ir film was safely modeled as a 1D diffusive thermal circuit,[47] 
shown schematically in Figure 1a.

R
G

d

G

1 1
th,eff

Al Ir ,eff Ir MgOκ
= + +

− ⊥ −
 (4)

where κ ⊥ ,eff  is the effective total cross-plane thermal con-
ductivity. Given identical deposition conditions, we assume 
a single Ir/MgO thermal boundary conductance (GIr-MgO) 
for all films. Thus, a simultaneous fit of the total cross-plane 
phonon thermal conductivity (κ⊥) and the Al/Ir thermal 
boundary conductance (GAl-Ir) for the 25.5–133.0 nm films was 
performed, yielding an Ir/MgO thermal boundary conduct-
ance of 182.8 ± 7.5 MW m−2 K−1 (see Section  S7, Supporting 
Information).

Figure  1f displays characteristic best fits for the 25.5 and 
133.0 nm Ir films using the ratio signal. The cross-plane 
thermal conductivity of Ir and the Al/Ir thermal boundary con-
ductance was determined using a 10 MHZ pump modulation 
frequency, the ratio signal, and a RMS beam radius of 3.93 µm, 
Table 1c. The in-plane thermal conductivity, on the other hand, 
was found by with a 3 MHz pump modulation frequency, the 
ratio signal, and a RMS beam radius of 1.57 µm, Table 1e. All 
controlled parameters were obtained from either independent 
measurements or from the literature.

The measured total thermal conductivity values and thermal 
boundary conductances for 25.5–133.0 nm film thicknesses 
are summarized in Table  1 and shown in Figure  1g,h, along 
with their in-plane electron contributions given by the WFL. 
The solid red and blue lines correspond to the in- and cross-
plane thermal conductivities predicted via Equations (2) and 
(3), respectively. Larger thermal conductivities have been 
reported in Ir films,[23,24] likely due to differing deposition con-
ditions and choice of substrate. Despite large uncertainties with 
thinner films, we find good agreement between the in-plane 
thermal conductivities given by the WFL and those obtained 
via TDTR. In addition, the narrow spread of data for the Al/
Ir thermal boundary conductance in Table 1 is also promising 
given the epitaxial nature of the films and their lack of grain 
boundaries that typically scale with thickness.[48] We attribute 
the small thermal boundary conductances to the formation of 
a thin oxide upon exposure to air, thus making the Al/Ir is not 
fully electrically conductive.[20]

Adv. Funct. Mater. 2022, 32, 2207781
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Disagreement between our data and the BTE, however, calls 
attention to our application of a gray assumption for obtaining 
the thickness-dependent suppression of thermal conductivity. A 
linear relation between the thermal conductivity and the MFP 
may seem reasonable since electrons, the dominant energy car-
riers in metals, have a narrow MFP distribution with energy.[49] 
However, free paths are often underestimated since they are 
considered without their full spectrum. This can be seen in 
Figure 1g,h, where a doubling of free path (dotted red and blue 
lines) is in better agreement with the data.

To assess the impact of the electron-phonon scattering 
MFP, we consider possible size effects on the Lorenz number: 
a measure of the relative transport between heat and charge. 
Although the in-plane thermal conductivity provided by TDTR 
is comprised of both carrier contributions, it is insightful to 
consider the behavior of the Lorenz number if it is dominated 

by electrons. We therefore use our in-plane electrical and 
thermal conductivities to calculate the Lorenz numbers for our 
films, Figure  2. We note that an intrinsic Ir thermal conduc-
tivity for the 6.8 nm film was obtained through Equation  (4), 
the experimental thermal boundary conductances, and the ani-
sotropy ratios predicted by the BTE.

The calculated Lorenz numbers do not exceed the bulk value 
for films down to 6.8 nm and suggest that the MFP distribu-
tions of both electrons and phonons is similar in epitaxial 
Ir. We note that the Lorenz numbers for the 9.7 and 13.7 nm 
films were not reported due to potential ballistic effects, dis-
cussed later in the manuscript. In contrast, Lorenz numbers 
for sub-10 nm films of Ir have been reported to be consider-
ably larger when deposited on substrates such as glass fiber,[23] 
seen as the red squares in Figure 2. Large Lorenz numbers are 
also observed with thin films of Pt[22] and Au,[21] attributed to 

Adv. Funct. Mater. 2022, 32, 2207781

Figure 1. a) A schematic of our TDTR setup using modulated heating to inerrogate the properties of our Ir samples, modeled as three layers. Each 
layer is defined by its volumetric heat capacity [ρcp], cross-/in-plane thermal conductivity [κ⊥/κ‖], thickness [d], and thermal boundary conductance to 
the next layer [G]. A 1D thermal circuit is provided to illustrate the intrinsic and interfacial thermal resistances. Sensitivity to thermal properties for the 
b,d) 6.8 and c,e) 133.0 nm films with respect to the RMS beam 1/e2 radii [w0] of b,c) 3.93 and d,e) 1.57 µm. The pump modulation frequencies and 
TDTR signals are annotated in the insets. Thermal boundary conductances of 150 and 200 MW m−2 K−1 were applied for the Al/Ir and Ir/MgO interfaces, 
respectively. f) Characteristic model fits for Ir films with anisotropic thermal conductivities as fitting parameters. The dotted lines represent the model 
fit with a ± 10% perturbation of the thermal conductivity. The g) in-plane and h) cross-plane total thermal conductivity values for the Ir thin film with 
respect to sample thickness measured with TDTR. The solid lines are predictions for the total in- and cross-plane thermal conductivities (κ‖, κ⊥) using 
thin-film solutions to the Boltzmann Transport Equation (BTE) provided by Equations (2) and (3). These models were solved with the best fit value, 
and double this value, for the electron–phonon scattering mean-free path (λe-p = 14 nm). Red triangles correspond to the application of the WFL using 
our in-plane electrical resistivity data in Table 1. A bulk thermal conductivity is provided.[46]
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quantum mechanical reflection of electrons at film/substrate 
boundaries that impedes the transport of charge over that of 
heat.[50]

Epitaxial material systems, however, offer unmatched control 
of atomic arrangements near interfaces that can elucidate the 
microstructural effects on electro-thermal transport. Beyond 
interfacial carrier scattering, nanocrystalline Ir films grown on 
silk[24] emphasize the grain structure effects on transport. In 
these studies, bulk-like Lorenz numbers were found that agree 
well with the results presented here despite the grain boundary 
scattering mechanism by which the WFL was sustained, shown 
as the green triangles in Figure 2. Our films, however, lack 2D 
grain boundaries and instead have arrays of edge dislocations. 
Given the persistent bulk-like Lorenz numbers in our analysis, 
we suspect edge dislocations can provide scattering sites in 
Ir that effect electrons and phonons to similar extents, thus 
placing an upper limit on the transport of heat over charge at 
nanometer length scales.

2.3. Dominant Energy Carrier Transitions

Apart from the relative transport of charge and heat, we investi-
gate the apparent decrease in the effective cross-plane thermal 
resistance seen in Figure 3a, which includes both the intrinsic 
film and surrounding interfaces. We use the measured cross-
plane thermal conductivities for the 65.8 and 133.0 nm films, 
deemed reasonable following an integrated sensitivity analysis 
(Section  S11, Supporting Information).[51] The thermal resist-
ance due to the Al/Ir and Ir/MgO interfaces is shown as the 
dotted black line for reference. A minimum in the effective 
cross-plane thermal resistance is observed that is indicative of 

quasi-ballistic c-axis transport.[52,53] Such thermal resistance 
behavior suggests that the dominant heat-carrying modes have 
MFPs of at least 10–40 nm, in broad agreement with our elec-
trical FS and thermal BTE modeling.

We aim to understand the transport mechanisms at play by 
examining the electron and phonon heat conduction pathways 
outlined in Figure  3b. The heat conduction across an Ir layer 
can comprise of two paths, from Al to MgO: 1) phonon [Al/Ir] 
→ electron [Ir] → phonon [Ir/MgO], and 2) phonon [Al/Ir] → 
phonon [Ir/MgO]. We note that path (2) relies on ballistic trans-
port where the electron contribution to the thermal resistance 
is negligible. Both paths, however, assume that phonons are 
excited at the Al/Ir interface via a thin oxide that is likely not 
electrically conductive given the low Al/Ir thermal boundary 
conductances measured with TDTR. Both IrO2 and Al2O3 may 
be present, though the former is known to be electrically con-
ductive and the latter is not.[32,54]

X-ray photoelectron spectroscopy (XPS) with depth profiling 
was carried out to confirm and identify the oxidative species at 
the Al/Ir interface, seen in Figure 3c for the 65.8 nm Ir film. 
Approximate etch depths measured from the top surface of 
the Al film are provided, with the emergence of characteristic 
Ir peaks at ≈80 nm (the Al thickness). The inset plots demon-
strate Gaussian fits of the prominent peaks in both Al and Ir 
at this etch depth, showing the presence of Ir metal, Al metal, 
and Al2O3. Since Al is much more electropositive compared 
to Ir (i.e., has a greater oxygen affinity), this suggests that the 
majority of the oxygen atoms are bonded with Al and not Ir.[54] 
Further, both the Al2O3 peak and the O-1s peak evolve with etch 
depth, reaffirming the species are originating from the interface 
(Figure S10, Supporting Information). Since the sputtered Ar+ 
ions reduce rather than oxidize, it is unlikely that our etching 
contributed to the change in the Al spectra. The same measure-
ment was also carried out on the 6.8 nm sample with identical 
results, the details of which are provided in Section S14 (Sup-
porting Information).

To gain insight into the transport of heat, we adopt a phe-
nomenological model informed by estimates for interfa-
cial transport and experimental data. Our model, detailed in  
Section  S12 (Supporting Information), expresses the thermal 
conductance as a smooth step function that predicts ballistic 
heat conduction with prior knowledge of the length scale at 
which it occurs.[52]

= + ∆
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+ − +
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where Gmax is the maximum thermal conductance in the sample, 
Δball is the thermal ballistic-diffusive transition length, Λ is the 
mean-free path of energy carriers, and d is the sample thick-
ness. Using a combination of interfacial and volume contribu-
tions to the cross-plane thermal transport, a maximum thermal 
conductance (Gmax) was calculated and used in Equation  (5). 
These contributions are rooted in both the diffuse mismatch 
model (DMM) and the two-temperature model (TTM), which 
traditionally describes the electron-phonon nonequilibrium in 
the metal layer near a metal-semiconductor interface due to 
a deviation in the electron–phonon temperatures.[55,56] There 
is thus a ‘cooling length’ where this temperature imbalance 

Adv. Funct. Mater. 2022, 32, 2207781

Figure 2. The calculated Lorenz numbers for the Ir films in this study and 
those from the literature whose dominant scattering mechanism is from 
grain boundaries,[23,24], the size of which are labeled (dGB). The films in 
this work lack 2D grain boundaries and instead have arrays of edge dislo-
cations. The substrate for each of the films is also listed.
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causes electrons to lose their energy to phonons, which then 
couple across the interface and transfer heat into the dielectric 
medium. Using a serial connection between these terms and 
the intrinsic Ir thermal resistances from BTE estimates, the 
thermal conductance of our sample (Gsample) was then normal-
ized such that it varied from zero to unity and could be used as 
a weighing function. Thus, the product of the weighing func-
tion and the thermal resistance of our thinnest film, assumed 
to comprise of only the Al/Ir and Ir/MgO thermal interfaces, 
would qualitatively capture the transport characteristics of the 
material stack.

A fit of our data to the foregoing model is shown in 
Figure 3c where we note the transition between three thermal 
transport regimes. The first is electron dominant and is in 

good agreement with our experimental data shown as the gray 
band (i.e., increased thermal mass begets increased thermal 
resistance). This represents path (1) in Figure  3b and is well 
described by a diffusive 1D thermal circuit. The second regime 
describes a minimum in the thermal resistance at sub-68 nm 
thicknesses that reflects the onset of phonon-dominated bal-
listic transport, with mean-free paths of roughly 42 nm.[52] Both 
preceding length scales represent the best fit values from the 
model, with the mean-free path being the more sensitive of the 
two as evidenced by the ±10% model perturbation. The phonon 
dominance is suspected to come from the calculated bulk-like 
Lorenz numbers that suggest a waning electron contribution 
with decreasing thickness. Moreover, effective thermal resist-
ance measurements are most sensitive to cross-plane transport 

Adv. Funct. Mater. 2022, 32, 2207781

Figure 3. a) The cross-plane thermal resistance including the contributions from the Al/Ir and Ir/MgO interfaces. The shaded gray band represents 
a diffusive 1D thermal circuit model using the average thermal boundary conductances and cross-plane thermal conductivity predictions given by the 
BTE. The solid line indicates the measured Al/MgO thermal boundary resistance (i.e., no Ir film). b) The two heat conduction paths within our mate-
rial system. Path [1] describes the electron contribution to the thermal resistance, while path [2] does not. c) XPS with depth profiling to confirm the 
species that comprise the Al/Ir interface for the 65.8 nm Ir film, shown schematically above the plot. Approximate etch depths measured from the top 
surface of the Al film are provided, and the inset plots demonstrate Gaussian fits of the prominent peaks in both Al and Ir. d) Predictions from our 
phenomenological ballistic model (Equation (5)). We perform a simultaneous fit of the thermal ballistic-diffusive transition length (Δball) and the mean-
free path of energy carriers (Λ) to capture the thermal transport behavior of our material stack and identify the transition between electron dominant, 
phonon dominant, and electron–phonon energy conversion dominant transport regimes. The solid black line represents the best fit to the model, while 
the pink and green lines show the sensitivity of the variables by fixing one and varying the other by ± 10%.
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and thus, a significant portion of phonons must travel quasi-
ballistically and follow path (2) in Figure 3b.

However, ballistic effects alone cannot account for the 
thermal resistance falling below that of the interfaces in 
Figure  3a. We suspect that the relative contribution of the 
interface condition is greatly influencing the vibrational modes 
available for heat conduction. Thermal impedance matching 
between the transducer and substrate offered by a thin metallic 
interlayer is one possibility, of which there is theoretical[57,58] 
and experimental[59,60] support. However, the measured Al-MgO 
thermal boundary resistance lies well beneath the thermal 
resistance of a 6.8 nm Ir film, seen as the solid black line in 
Figure  3a, and suggests a different transport mechanism that 
is not immediately enhanced with the introduction of an inter-
layer. In this case, the vibrational modes available to carry heat 
across the Ir/MgO interface may be more compatible to those 
that were launched by the thin oxide at the Al/Ir interface.

Indeed an increasing contribution of the phonon-mediated 
heat path within Ir layer may be due to the onset of insufficient 
electron–phonon coupling within a thinner Ir layer, having 
been recently shown experimentally in Au-Ni bilayers.[26] 
As such, we note that other metals can demonstrate such 
enhanced thermal transport behavior given dimensions com-
parable to the free paths of energy carriers, exceptionally pure 
microstructure, and a neighboring material with compatible 
vibrational characteristics (see Section  S15, Supporting Infor-
mation). Such an interplay between carriers stresses the impor-
tance of designing entire material systems for effective thermal 
control. Although exhaustive modeling may provide more exact 
transport behavior,[61] it is remarkable that our compact phe-
nomenological model is in excellent agreement with our experi-
mental data, thereby enabling quick evaluations and scalability 
to large systems.

Surprisingly, electron–phonon non-equilibrium increases 
the thermal resistance such that it approaches a diffusive 
system for sub-25 nm films. We deem this third regime “elec-
tron-phonon energy conversion dominant”, where the series of 
energy conversions from phonons to electrons and vice versa 
provides a thermal resistance. However, the electron-phonon 
coupling coefficient within Ir is exceptionally high and likely 
magnifies its effect at small length scales.[56,62] This is because 
the Ir thickness is likely insufficient for electrons to fully ther-
malize and the measured system tends towards phonon medi-
ated heat conduction, seen in Figure  3c. Though simplified 
here, we stress that the exchange between energy carriers is 
extremely complex and known to be a function of both mean-
free paths and substrate.[63] A temperature-dependence is also 
provided in Figure  S9 (Supporting Information) at several 
thicknesses close to the observed minimum. We note that our 
temperature-dependent model paints a simplified picture that 
scales with heat capacity and does not consider temperature-
dependent group velocities, though it predicts a roughly 15% 
difference in thermal resistance within a 150–600 K tempera-
ture range (see Section  S13, Supporting Information). Such a 
difference could be further enhanced by tailoring the crystalline 
complexion at the interfaces, shown to greatly impact boundary 
scattering between metals.[64] Although our model is heuristic 
and empirical, it nonetheless provides the first quantitative 
insight into the mechanisms that underlie transport in epitaxial 

Ir. Further discussion and modeling details are provided in Sec-
tions S12 and S13 (Supporting Information).

3. Conclusion

To conclude, high quality epitaxial 6.8–133.0 nm Ir(001) films 
were grown on MgO(001) and extensive x-ray analyses con-
firmed the lack of 2D grain boundaries, thus yielding a founda-
tion for fundamental transport analysis. Upon measurements 
of the in-plane electrical resistivity and anisotropic thermal con-
ductivity, application of the semi-classical FS model provided an 
effective electron-phonon mean-free path. The foregoing anal-
ysis was further investigated with Lorenz number calculations 
that showed how a film with only edge dislocations can place 
an upper limit on the transport of heat over charge at nanom-
eter length scales. This can provide an overarching transport 
guideline for high aspect ratio metal nanostructures whose fab-
rication often results in microstructural defects and impurities. 
Finally, the transition between three regimes of c-axis thermal 
transport was revealed that include electron dominant, phonon 
dominant, and electron-phonon energy conversion dominant. 
Further, we developed a compact phenomenological model that 
describes all three regimes and the length scale at which they 
occur, revealing that dominant heat-carrying modes may have 
MFPs of at least 10–40 nm in Ir. Understanding the nature 
and origins of such qualitatively new transport is theoretically 
important and of increasing technological relevance for elec-
tronic compute and sensing devices where self-heating imposes 
the primary bottleneck for heat dissipation. Moreover, such 
knowledge could have exciting implications for electrical and 
thermal devices that are engineered to exhibit desired proper-
ties via the control of dominant carrier behavior.

4. Experimental Section
Sample Preparation: The Ir(001) layers were grown on single-

crystal MgO(001) substrates in a three-chamber ultrahigh vacuum DC 
magnetron sputter deposition system with a base pressure of 10−9 Torr.[18] 
The polished substrates were ultrasonically cleaned in consecutive 
baths of trichloroethylene, acetone, isopropanol, and de-ionized water 
before insertion into the vacuum system. The substrates were then 
degassed at 1000 °C for 1 h and cooled to the deposition temperature 
of 700 °C. The deposition was carried out in 10 mTorr 99.999% pure Ar 
at a constant power of 75 W applied to a 99.95% pure 5 cm-diameter 
Ir target facing the substrate at a distance of 9 cm. The deposition rate 
was 0.19 ±0.01 nm s−1. See Section  S1 (Supporting Information) for 
more details.

Prior to TDTR measurements, the samples were cleaned in 
consecutive solvent baths (acetone, methanol, isopropanol), followed by 
a DI water rinse and an N2 gas dry. Surface organics were removed using 
a Technics PR II-A asher on low power (35 W) for 5 min. A nominally 
80 nm aluminum (Al) film was deposited over the samples as an opto-
thermal transducer for TDTR using a KJ Lesker evaporator at a nominal 
chamber pressure of 9.8× 10−7 Torr with a 0.5 Ås−1 deposition rate.

X-ray Analyses: X-ray diffraction (XRD) analyses were carried out 
on a Panalytical X’pert PRO MPD system. X-ray reflectivity (XRR) 
measurements were performed with the same aforementioned system. 
Rocking curves were acquired by scanning in ω while keeping the 2θ 
value fixed to detect the desired 002 reflection. φ scans were acquired 
using a fixed 2θ value corresponding to Ir 113 reflections and using 

Adv. Funct. Mater. 2022, 32, 2207781
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an offset in ω  = 25.24°. The measured XRR data were fitted using the 
PANalytical X’Pert Reflectivity software, which employs the Parratt 
formalism. See Section S2 (Supporting Information).

Electrical Resistivity: Electrical resistivity measurements were carried 
out using 1–100 mA of current applied to the outer probes of a linear four-
point probe with spring loaded tips and a 1.0 mm inter-probe spacing.

Time-Domain Thermoreflectance (TDTR): In TDTR, the time-
dependent temperature response of a reflective layer on top of the 
sample of interest was monitored with a coaxial time-delayed probe 
laser through a proportional change in reflectivity. Thermoreflectance 
data was then analyzed with a multilayer heat diffusion model for 
which parameters of interest were determined through a nonlinear 
least squares regression. Further details of the technique and the 
experimental facility are detailed extensively in prior works.[48,65] 
Knife-edge measurements of the focused spot sizes provided two 
sets of 1/e2  beam radii: i) 4.75 ± 0.05~µm and 2.90 ± 0.09~µm, and 
ii) 1.76 ± 0.02~µm and 1.37 ± 0.04~µm, for the pump and probe, 
respectively. Additionally,the pump modulation frequencies (and total 
emitted powers) of 10 MHz (19 mW) and 3 MHz (12 mW) were applied 
for the larger and smaller set of beams, respectively. A steady-state 
temperature rise was estimated[66] within the films of less than 7 K for 
the 1/e2  beam radii in this study (Table S1, Supporting Information). 
The reported mean values are determined from multiple measurements 
across the samples on different days, while the error bars represent 
one standard uncertainty determined from the standard deviations of 
the fitted values, uncertainties in the assumed parameters, and the 
residuals between the model and data (see Section  S8, Supporting 
Information).

X-ray Photoelectron Spectroscopy (XPS): XPS measurements were 
carried out using a PHI 124 5000 VersaProbe III from Ulvac-PHI, Inc. 
Each XPS spectrum was calibrated to the theoretical C-C binding energy 
of ~284.4 eV. Depth profiling consisted of sputtering Ar+ ions at 2 kV 
to remove most of the Al layer (3 cycles), and 1 kV (4 cycles) to slowly 
approach the Al/Ir interface. Approximate etch rates were determined 
from comparison to a SiO2 calibration standard and were 20 nm cycle-1 
for the 2 kV beam, and 5 nm/cycle for the 1 kV beam. Spectra were taken 
on both the 6.8 nm and 65.8 nm films with the same qualitative results 
for both. See section S14 (Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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