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ABSTRACT: Interfaces govern thermal transport in a variety of
nanostructured systems such as FinFETs, interconnects, and vias.
Thermal boundary resistances, however, critically depend on the
choice of materials, nanomanufacturing processes and conditions, and
the planarity of interfaces. In this work, we study the interfacial
thermal transport between a nonreactive metal (Pt) and a dielectric
by engineering two differing bonding characters: (i) the mechanical
adhesion/van der Waals bonding offered by the physical vapor
deposition (PVD) and (ii) the chemical bonding generated by
plasma-enhanced atomic layer deposition (PEALD). We introduce
40-cycle (∼2 nm thick), nearly continuous PEALD Pt films between
98 nm PVD Pt and dielectric materials (8.0 nm TiO2/Si and 11.0 nm Al2O3/Si) treated with either O2 or O2 + H2 plasma to
modulate their bonding strengths. By correlating the treatments through thermal transport measurements using time-domain
thermoreflectance (TDTR), we find that the thermal boundary resistances are consistently reduced with the same increased
treatment complexity that has been demonstrated in the literature to enhance mechanical adhesion. For samples on TiO2 (Al2O3),
reductions in thermal resistance are at least 4% (10%) compared to those with no PEALD Pt at all, but could be as large as 34%
(42%) given measurement uncertainties that could be improved with thinner nucleation layers. We suspect the O2 plasma generates
stronger covalent bonds to the substrate, while the H2 plasma strips the PEALD Pt of contaminants such as carbon that gives rise to
a less thermally resistive heat conduction pathway.
KEYWORDS: atomic layer deposition, time-domain thermoreflectance, bonding strength, thermal boundary conductance,
plasma treatment, platinum, nucleation layer

■ INTRODUCTION

The progress toward the low dimensional limits of electronic
devices has made it increasingly difficult to control operating
temperatures due to hot spots that accompany faster switching
speeds and greater current densities.1,2 Technologies in
bolometry,3 temperature sensing,4 and, of course, micro-
electronics5 are composed of either metal interconnects,
passivation layers, or thin-film dielectrics whose dissipation
of heat is limited by phonon scattering at boundaries. In the
same way thermal conductivity (κ) governs heat transfer in
bulk materials, the thermal boundary conductance (G)
dominates thermal dissipation in many thin-film systems and
2D semiconductor devices, with temperature drops across
interfaces comparable to that across the materials them-
selves.1,6,7 Understanding and controlling G is thus critical and
a major challenge for improving the performance of thin-film
and nanostructured material systems.
The consensus in the heat transfer community is that greater

surface energies resulting from stronger chemical bonds (e.g.,
covalent bonds) offer more effective heat conduction across
interfaces than their weaker-bond counterparts.8−13 This

concept has been upheld by studies that varied termination
chemistries in self-assembled monolayers (SAMs),10 changed
the termination chemistry on the surface of synthetic diamond
interfaces,8 chemically functionalized graphene surfaces with
adsorbates,9 and bridged interfaces with covalently bonded
organic molecules.11,12 All investigations showed a positive
correlation between bond strength and thermal transport, with
a typically 2-fold increase in G that is often facilitated with
some form of plasma exposure.
Despite research focus on surface enhancement, little

attention has been placed on tuning G with deposition
techniques that can capitalize on increasing bond strength.14,15

Plasma-enhanced atomic layer deposition (PEALD) is one
such method, quickly becoming an essential tool because of its
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extreme control over the thickness and composition of thin
films that can integrate into CMOS compatible platforms.16−18

PEALD can also mitigate nonideal nucleation behavior that
can arise from high surface energy materials such as Pt, a noble
metal used for high aspect ratio via passivation,18 bolometry,3

and numerous other applications.19,20 Although Pt suffers from
poor wettability and adhesion to oxides,21 in situ O2 plasma
during deposition has been shown to enhance chemisorption
and oxidation by directly supplying O to the substrate
surface.22 This enables the ability to support ultrathin film Pt
growth on account of the increased bond strength of
chemisorbed O on Pt.22−24 Furthermore, the reduction of Pt
precursors from H2 plasma has been observed to yield smaller
clusters of Pt adatoms that contain fewer carbon contaminants,
known to contribute to poor film adhesion.25 Less carbon
impurities result in higher cluster−surface bonding energies
compared to traditional thermal decomposition of the
precursors.26 Although the systematic quantification of these
treatments on mechanical adhesion is lacking, tape lift-off and
double cantilever beam tests performed at Stanford University
reveal a promising trend that motivate this study: in situ O2 +
H2 plasma during PEALD increases the peel strength (see the
Supporting Information Section S4 and Figure S3). If PEALD
Pt can offer strong bonding energy, using it as an interlayer can
potentially enhance interfacial heat transfer in a tunable way by
adjusting the reaction chemistry between precursors, plasma
treatments, and the surface onto which Pt nucleates.
Though the addition of material between interfaces (Figure

1a) traditionally introduces more thermal resistance (Rth =
G−1), the unique Volmer−Weber growth27,28 of PEALD Pt can

challenge this notion. The competing effects of increased bond
strength, more thermal mass, and changes in surface area play
complex roles in describing thermal transport. However, the
growth evolution of PEALD Pt on various substrates suggests a
critical cycle count where the surface-to-volume of the particles
is maximized, informed by the evolution of Pt surface coverage
on the substrate29 seen in Figure 1b. Indeed, an augmented
surface area offered by nucleating Pt particles may translate
into more area for heat transfer, long known in extended
surface applications and observed recently in nanopatterned
structures.30 At larger cycle counts, however, the Pt particles
would coalesce into a continuous film with a thermal resistance
proportional to its thickness. Thus, a cycle-dependent Rth is
expected in early stage nucleating films, with a minimum value
at a cycle range of approximately 40−60 cycles.29

In this work, we study the interfacial thermal transport
between a nonreactive metal (Pt) and a dielectric by
engineering two differing bonding characters: (i) the
mechanical adhesion/van der Waals bonding offered by the
physical vapor deposition (PVD) and (ii) the chemical
bonding generated by PEALD. We introduce 40-cycle (∼2
nm thick), nearly continuous PEALD Pt films between 98 nm
PVD Pt and dielectric materials (8.0 nm TiO2/Si and 11.0 nm
Al2O3/Si) treated with either O2 and O2 + H2 to modulate
their effect on cross-plane thermal transport. We experimen-
tally correlate these conditions through thermal measurements
using time-domain thermoreflectance (TDTR), revealing a
substantial increase in G with the addition of a 40-cycle
PEALD Pt interlayer deposited with O2 + H2 plasma
treatments that lend themselves well in the PEALD of TiO2
and Al2O3.

■ EXPERIMENTAL SECTION
In this section, we describe the preparation of our PEALD samples
and proceed to report the details of our TDTR facility as well as our
thermal model to describe our material systems.

Sample Preparation.We prepared 8.0 nm (150 cycles) TiO2 and
11.0 nm (100 cycles) Al2O3 films deposited using PEALD
(Cambridge Nanotech Fiji, F202) on (100) Si substrates that were
dipped in diluted hydrofluoric acid to remove as much native oxide as
possible prior to deposition. The thicknesses were measured by using
ellipsometry (Woollam M2000). The precursors used were tetrakis-
(dimethylamido)titanium(IV) and trimethylaluminum for TiO2 and
Al2O3, respectively, with O2 plasma as the coreactant.29,31,32 The
deposition temperature was 200 °C, and the plasma power was set to
300 W. The literature suggests that 150-cycle ALD TiO2 films with
deposition temperatures as high as 260 °C are amorphous.33

Additionally, 8 nm of ALD Al2O3 has been reported to crystallize
only after a deposition temperature of 900 °C is reached.34 Thus, our
films are considered to be in the amorphous phase.

Following the deposition of TiO2 and Al2O3 on Si, samples were
diced into several chips and subjected to four treatments, summarized
in Figure 2a. Sample C1 was used as a control, with only an as-
deposited nucleation layer atop Si. Sample C2 received a 900 s in situ
O2 plasma clean within the PEALD chamber before and after the
deposition of the nucleation layer. Samples C3 and C4 had a PEALD
Pt film deposited by using 40 cycles atop the nucleation layer, in
addition to the 900 s in situ O2 plasma pre- and postclean. However,
these were treated with either an O2 or O2+H2 plasma with each
cycle. Figure 2b illustrates the difference between the O2 and O2+H2
plasma treatments with respect to the PEALD of Pt by using a
trimethyl(methylcyclopentadienyl)platinum(IV) or MeCpPtMe3 pre-
cursor. Although such a low cycle count produces Volmer−Weber
growth,27,28 the approximate growth rate of 0.5 Å/s (see Supporting
Information Section S1) yields a PEALD Pt film equivalent to roughly
2 nm in thickness.

Figure 1. (a) On the left is a simplified planar schematic depicting an
ultrathin film of nucleating PEALD Pt between a nucleation layer
[NL] and an Si substrate, both covered by metal. On the right is a
thermal circuit diagram illustrating the thermal resistances involved
with a PEALD Pt interlayer at a metal/Si interface. (b) The evolution
of Pt surface coverage on the substrate with respect to cycle count.
The solid lines represent a regression to experimental data for O2
PEALD Pt,29 while the squares denote the calculated area coverage
for the O2 + H2 PEALD Pt films in this work.
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After the samples were removed from vacuum, scanning electron
microscopy (SEM) (FEI Nova NanoSEM 450) was used to image the
top surface of the samples (Figure 2c). X-ray photoelectron
spectroscopy data (XPS, PHI 124 5000 VersaProbe III, Ulvac-PHI,
Inc.) were used to confirm chemical composition on all PEALD Pt
films deposited with O2 and O2+H2, for both TiO2 and Al2O3
nucleation layers. We also contrast this data with the XPS spectra
generated for our 98 nm thick PVD (evaporated) Pt layers (see Figure
S2). For 40 cycles of O2 PEALD Pt on TiO2 and Al2O3 nucleation
layers, the binding energy peaks are slightly shifted to higher energies
compared to the PVD Pt, suggesting oxidized Pt exists within 40
cycles of O2 PEALD Pt. Interestingly, the peaks of O2+H2 PEALD Pt
are shifted less from those of O2 PEALD Pt. A 98 nm Pt film was
deposited on top of all the samples with electron beam evaporation
(AJA International Inc., ATC-E Series). The thickness of the PVD Pt
films was determined via SEM. PVD Pt defined the metallization in
our metal-oxide configuration and facilitated TDTR measurements by
acting as an optothermal transducer.
Thermal Characterization. Time-domain thermoreflectance

(TDTR) is an ultrafast optical pump−probe technique for measuring
the thermophysical properties of both bulk and thin film materials.
The details of this method and our experimental facility are provided
elsewhere.35,36 To summarize, thermoreflectance data are fit to the
solution of a 3D heat diffusion model for a multilayer stack of
materials, and the unknown properties of interest are used as
parameters to converge measurement and theory.37 Measurements
were taken at a pump beam modulation frequency ( fmod) of 10 MHz.
Using a knife-edge technique, beam diameters of 5.5 and 3.1 ± 0.05
μm were measured for the pump and probe, respectively.
Simplifying assumptions were made for the PEALD Pt to attain an

idealized model of the physical system shown in Figure 3. We neglect
the interface between the PVD Pt and the underlying PEALD Pt due
to the order of magnitude increase in G that comes with metal−metal
contact compared to typical metal−dielectric interfaces.38 Addition-
ally, the ∼2 nm thick PEALD Pt film was likely not continuous, rather

containing islands of nucleating Pt.27−29 In addition, sensitivity
analysis of our TDTR signal (see the Supporting Information Section
S5 and Figure S4) reveals the coupled nature of (ρCp)PEALD Pt and
(d)PEALD Pt, making the thermal mass (ρCpd), and therefore the
thickness of PEALD Pt, a significant contribution to the TDTR signal.
The final sample configuration is composed of three layers: the
combined PVD Pt and PEALD Pt, a nucleation layer (TiO2 or
Al2O3), and a Si substrate. The PEALD nucleation layers are
extremely thin and limit the measurable properties of the physical
system.45 This is because in the limiting case of zero film thickness,
the G’s govern the total thermal resistance, Rth = G−1. In turn, the
TDTR measurement is most sensitive to the G’s on either side of the
nucleation layer. It is difficult, however, to decouple these due to deep
thermal penetration δp of the modulated by pump beam compared to
the nucleation layer thicknesses. For example, at a modulation
frequency fmod = 10 MHz, κ = 2.5 W m−1 K−1, and ρCp = 2.8 MJ m−3

K−1, the thermal penetration is δp = κ πρC f/( )p mod ≈ 170 nm.

Figure 2. (a) Eperimental conditions with respect to process control and nucleation layer [NL], either TiO2 or Al2O3. (b) A complete cycle
schematic for the O2+H2 plasma PEALD Pt process (red loop) that emphasizes the departure from an O2 plasma PEALD process (blue loop). (c)
Scanning electron micrographs (SEMs) of the top surfaces of TiO2 and Al2O3 for the experimental conditions. (d) An illustration of the augmented
contact area due to the nucleating “islands” of Pt during the PEALD process.

Figure 3. Thermal model for the PEALD samples, consisting of four
materials modeled as three layers: 98 nm of PVD Pt + 40 cycles of
PEALD Pt, an 8.0 nm TiO2 or 11.0 nm Al2O3 nucleation layer, and an
Si substrate. Each layer is described by five physical parameters: the
volumetric heat capacity (ρCp), the cross- and in-plane thermal
conductivities (κ⊥ and κ∥), the layer thickness (d), and the thermal
boundary conductance (G = R−1) to the next layer. The parameter
values are listed in Table 1.
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Sensitivity analysis considering the TiO2 sample demonstrates the
dominance of the signal to Rth,eff, realized as an effective cross-plane
thermal conductivity κ⊥,eff (see the Supporting Information Section S5
and Figure S4). Thus, we determine an effective Rth,eff that is
composed of the intrinsic κ⊥ of the nucleation layer and the Rth’s from
PEALD Pt−nucleation layer and nucleation layer−Si interfaces.
Applying a series resistor model that treats Rth,eff as a summation of
the film and interfacial contributions yields46

κ κ
= + + =

− ⊥ − ⊥
R

G
d

G
d1 1

th,eff
PEALDPt NL

NL

,NL NL Si

NL

,eff (1)

where the subscript “NL” refers to the nucleation layer. The measured
Rth,eff can then reveal the effect of surface treatments assuming the
intrinsic κ of the nucleation layer and the Rth between the nucleation
layer and the Si substrate remain unchanged. We note that separating
the interfaces from the material volumes by using eq 1 is justified
given the amorphous nature of ALD thin films, yielding isotropic
transport conditions within the films.
We can infer the effects of conditions C1−C4 in Figure 2a on the

thermal interface properties between the PVD Pt and nucleation layer
by performing a two-parameter fit of κ⊥,eff and dPt/PEALD Pt = dT. This
fitting routine accounts for the nearly continuous ultrathin PEALD Pt
layer, removing the need to formulate an effective or average
thickness. Others have approximated thin films as an Reff if their
thermal time constant is shorter than the heating period for the
measurement.47,48 With regard to a thin film as an Reff, however, can
lead to unphysical fitting results since the TDTR response is greatly
sensitive to the thermal mass of the transducer at short probe time
delays (<1000 ps). At these time scales, the thermal resistance
immediately beneath the transducer layer is being probed, and any
present material becomes a prime factor in the accuracy of the fitting
results.
The parameters used for determining the thermal properties of the

PEALD samples are summarized in Table 1 and include the intrinsic
nucleation layer κ estimates from the literature.42,43 The low
measured thermal conductivity of Si with TDTR was attributed to
probing the onset of nondiffusive transport based on our beam
diameters and pump modulation frequency.49

■ RESULTS AND DISCUSSION
Figure 4a visually emphasizes the condition location on the
material stack. The results for the two-parameter fitting of κ⊥,eff
and dT were converted to effective thermal resistances Rth,eff by
using eq 1 and are listed in Table 2. The results for TiO2 and
Al2O3 are also shown visually in Figures 4b and 4c,
respectively. Uncertainty was determined from those of the
controlled parameters and the residuals between data and
model, the values of which are reported as standard errors. The
uncertainties from the thickness of the nucleation layer and the
volumetric heat capacity of the Si substrate contributed the
most to the total uncertainty of our measurements (see the
Supporting Information Section S6 and Table S2).
Conditions C1−C2. We determine the effect of a 900 s O2

plasma precleaning process on the nucleation layer surface
(condition C2). There is a general decrease in Rth,eff with O2

plasma for both TiO2 and Al2O3, attributed to the improved
surface quality with an additional O2 plasma preclean. Such
treatments remove surface carbon that intensifies interfacial
vibrational mismatch,50 greatly reducing Rth,eff. Having been
linked to poor film adhesion,25 removing adventitious carbon
with O2 plasma is commonly performed to improve the
adhesion of noble metals to substrates. With no increase in
Rth,eff with O2 plasma, we also confirm both materials as being
oxygen barriers, i.e., no additional oxide formation within the
Si substrate.42 We note, however, the improvement with the
O2 plasma preclean process was more pronounced for Al2O3
than for TiO2.

Conditions C2−C3. In addition to the O2 plasma preclean,
the introduction of 40 cycles of O2 PEALD Pt between the

Table 1. Parameters Used to Determine the Effective Thermal Resistances Rth,eff of the PEALD Samples via a Two-Parameter
Fit of κ⊥,eff and dT

a

material ρCp [MJ m−3 K−1] κ⊥ [W m−1 K−1] κ⊥/κ|| d [nm] Rth,i = d/κ⊥ [m2 KGW−1]

Pt/PEALD Pt 2.83 ± 0.0139,40 62.10 ± 3.10 1 dT ± σ

TiO2 2.98 ± 0.3041,42 2.52 ± 0.0742 1 8.0 ± 0.5 3.17 ± 0.29
Al2O3 2.13 ± 0.2141,42 2.13 ± 0.1543 1 11.0 ± 0.5 5.16 ± 0.60
Si 1.66 ± 0.0944 124.6 ± 10.0 1 1 × 105

aIntrinsic thermal conductivities of the nucleation layers were taken from the literature to provide intrinsic thermal resistances Rth,i to quantify
interfacial conduction enhancement.

Figure 4. (a) The sample configuration demonstrating the
modulation of the PVD Pt−nucleation layer [NL] interface with
process conditions C1−C4 detailed in Table 2. The effective thermal
resistance Rth,eff across the (b) TiO2 and (c) Al2O3 samples measured
with TDTR. Each point represents the average of four measurement
locations on each sample, seen as black dots. Uncertainty is
propagated by summing the contributions of the assumed thermal
properties of the film stack, the sample dimensions, the model/data
residuals, and the optical parameters used in TDTR setup, listed in
Table 1. The dashed horizontal lines emphasize the Rth,eff of the C1
control for comparison to the other conditions, while the solid
horizontal lines represent the intrinsic thermal resistance for either
TiO2 or Al2O3 included in Table 1.
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PVD Pt layer and the nucleation layers (condition C3)
provided a further decrease in Rth,eff. This improvement was
slight for TiO2 given the measurement uncertainty. Much
thinner nucleation layer films are required to improve the
sensitivity of the measurements. However, the improvement is
markedly larger for Al2O3, reducing Rth,eff by at least 9% and as
much as 40% compared to the control (condition C1).
Conditions C3−C4. By inclusion of H2 plasma in each O2

PEALD Pt cycle (condition C4), Rth,eff was only marginally
reduced, with the TiO2 improvement was slightly larger than
that of Al2O3. Compared to the C1 control, the Rth,eff reduction
is at least 4% but could be as large as 34% for TiO2. Similarly,
Rth,eff was reduced for Al2O3 by at least 10% but could be as
large as 42% given measurement uncertainties. For more
insight, we use the intrinsic thermal resistance (Rth,i) values for
the nucleation layers in Table 1 and subtract their contribution
to Rth,eff for C1 as a baseline quantity. We find that the purely
interfacial contributions to the thermal resistance (Rth,B) for
TiO2 and Al2O3 are 7.65 ± 1.12 and 8.07 ± 1.69 m2 KGW−1

for condition C1. With condition C4, however, these were
reduced to 5.77 ± 0.98 and 5.00 ± 1.37 m2 KGW−1 for TiO2
and Al2O3, respectively. We suspect that at least such
interfacial resistance improvements must exist since our
estimates consider the uncertainties in the assumed dielectric
material properties and are thus conservative.42 The C1
condition Rth,B values are in close agreement with those in the
literature by using similar deposition methods, despite different
metallization layers (Al as opposed to Pt).41−43

Figure 5a illustrates our experimental Rth,B values for both
the C1 and C4 conditions along with values found in the
literature. For insight into the mechanisms that lead to these
trends in RB’s, we contrast our measurements with predictions
from the diffuse mismatch models (DMM)51,52 with a Born−
von Karman (BVK) phonon dispersion approximation. The
DMM thermal boundary conductance (GDMM) from materi-
al A to B is given by

∫∑ υ ω ω
ω

α ω= ℏ
∂

∂→

∞

→G D
f T

T
1
4

( )
( , )

d
j

jA B
0

A, A
BE
0

A B

(2)

where j is the phonon branch, αA→B is the transmissivity from
material A to B, f BE

0 is the Bose−Einstein equilibrium function,
and DA is the phonon density of states in material A. We
approximate vA,j, the phonon velocity in material A for the jth
phonon branch, by fitting experimental data for the phonon

dispersion relationship obtained in certain symmetry directions
by considering interactions of an atom with its neighbors.53

Relative improvements in Rth,eff are compared by evaluating
eq 1 as a function of dielectric film thickness, seen as the black
lines in Figure 5b,c. These include the total thermal resistance
due to the Pt/film interface, the film, and the film/Si interface.
We approximate the contribution from the film/Si interface by
subtracting a range of Pt/film interface values corresponding to

Table 2. Measured Rth Results for Conditions C1−C4 as
Well as Their Thermal Boundary Resistance Values, Rth,B =
Rth,eff − Rth,i

condition nucleation layer
Rth,eff

[m2 KGW−1]
Rth,B

[m2 KGW−1]

treatment details TiO2/Al2O3 TiO2/Al2O3

C1 no treatment 10.82 ± 0.83/
13.24 ± 1.09

7.65 ± 1.12/
8.07 ± 1.69

C2 900 s O2 plasma 10.52 ± 0.81/
12.24 ± 0.92

7.35 ± 1.10/
7.08 ± 1.52

900 s O2 plasma
C3 40 cycles of O2 plasma

PEALD Pt
9.78 ± 0.73/
10.34 ± 0.80

6.61 ± 1.02/
5.18 ± 1.40

900 s O2 plasma
C4 40 cycles of O2+H2

plasma PEALD Pt
8.94 ± 0.69/
10.16 ± 0.77

5.77 ± 0.98/
5.00 ± 1.37

Figure 5. (a) Measured thermal boundary resistances Rth,B for
conditions C1 (triangles) and C4 (diamonds) compared with
literature values for ALD TiO2 and Al2O3. The horizontal black line
represents the lower bound Rth,B values taken for condition C1 to
further emphasize the improvement in thermal boundary con-
ductance. Discrepancies between our data and the literature are
attributed to the contrasting metallic transducer (Al vs Pt) in our
experiments, denoted by “T”. Experimental data of the C1−C4
conditions fit against the thermal circuit model in eq 1 (black line) for
(b) TiO2 and (c) Al2O3, where the inset plots are shifted laterally for
clarification.
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1/2 and 1/3 of the maximum conductance across the interface.
By setting the transmission coefficient in the DMM to unity,54

the maximum conductances were determined to be Gmax,Pt−TiO2

= 275 and Gmax,Pt−Al2O3
= 457 MW m−2 K−1. This range is

representative of the literature for metal/dielectric interfaces.42

We find that the effect of the C1−C4 condition is considerable
for both films but is once again more pronounced for Al2O3.
The enhancement in Al2O3 causes Rth,eff to approach Rth,i +
RAl2O3−Si, almost eliminating the thermal resistance from the
Pt/Al2O3 interface. The heat transfer improvements across the
PVD Pt−dielectric interfaces cannot be explained by tradi-
tional DMM and lead us to consider the nearly continuous
nature of the PEALD Pt films. The films are suspected to
provide additional heat conduction pathways due to an
augmented contact area, shown schematically in Figure 2d.
An ultrathin PEALD Pt film of 40 cycles offers more surface
area than a continuous film due to its structure comprising of
nucleating islands.28 To quantify this enhancement, we adapt
RMS roughness values of 0.45 and 0.30 nm for 40 cycles of O2
PEALD Pt on TiO2 and Al2O3 from the literature.29 This is
reasonable given that the observed morphology between the
O2 and O2+H2 varieties of PEALD of Pt were identical, seen in
Figure 3c. Using these images, we decoupled the Pt film islands
from the underlying substrate and find good agreement with
the literature for similar PEALD Pt deposition conditions
(Figure 1b), yielding Pt:nucleation layer areal enhancements of
∼3% for TiO2 and ∼15% for Al2O3. This also in agreement
with the observed experimental C2−C3 conditions (adding an
O2 plasma PEALD Pt interlayer), which experienced at least
∼4% and ∼10% decreases in Rth,eff for TiO2 and Al2O3,
respectively. The smaller areal enhancement in TiO2 is
ascribed to the higher surface concentration of hydroxyl
bonds compared to Al2O3, which serve as nucleation sites for
the Pt and result in a more continuous film. The areal
improvement may explain the reduction in thermal resistance
for the lower bound of enhancement but may account for
much less if considering the entire possible range. If relaxing
the data to a 90% confidence level, for example, the decreasing
trend in the C3−C4 Rth,eff evolution of TiO2 suggests another
mechanism at play since the morphologies are identical.
The possibility of other heat transfer mechanisms besides an

augmented area points us to investigate chemical processes
such as adhesion. For example, the DMM predicts lower-limit
values of (Rth,eff)TiO2

= 9.39 and (Rth,eff)Al2O3
= 11.38 m2

KGW−1. It is well-known, however, that the DMM fails to
capture atomic-scale interface characteristics, of which we
believe interfacial bonding strength to have played a major
role. Predictions from molecular dynamics simulations, for
example, have provided insight into these effects by tuning
chemical potentials between interacting particles at interfaces.
Such studies have often revealed variations of boundary
resistances of over an order of magnitude in metal−dielectric
interfaces due to adhesion effects.55−58 Although not as
appreciable as these more complex simulations predict, our
results demonstrate the conceivable heat conduction enhance-
ment that may be attributed to the chemical mechanisms in
PEALD.
To understand the possible decrease in thermal resistance,

we consider the interfacial chemistry between the O2 plasma,
H2 plasma, and PEALD Pt interlayer during deposition.
Condition C3 describes the PEALD Pt interlayer deposited
with O2 plasmaa treatment that has been shown to directly

supply O to the substrate surface and increase the bond
strength of chemisorbed O on Pt by enhancing chemisorption
and oxidation.22−24 The increased Pt and O bond strength
translates into a decrease in both O and Pt adatom mobility,
decreasing nanoparticle size and preventing configurations
with low interface energy. This is reinforced by our XPS
analysis, where all samples with 40 cycles of PEALD Pt
possessed a slight shift to higher binding energies compared to
our PVD Pt, suggesting oxidized Pt exists within our interlayer
films (Supporting Information Section S3). The additional H2
plasma in each PEALD Pt cycle (condition C4), on the other
hand, is known to strongly react and strip the adsorbed oxygen
following the O2 plasma step in each cycle.31 Again, this is
confirmed with our XPS analysis, where the peaks of O2+H2
PEALD Pt are shifted less toward higher binding energies than
those of O2 PEALD Pt. This two-stage plasma process,
however, is still effective since the reactive O atoms removed
from the H2 plasma can be replenished in each cycle, thereby
preparing the surface for the next Pt pulse.59 Hydrogen
molecules can then react with the metal oxide surface to form
hydroxyl groups that reduce carbon levels at the interface and
oxide inclusions within the Pt films. It is these impurities that
promote the poor adhesion of noble metals such as Pt, noted
for its inability to adhere to organic polymer films.25

To link adhesion and plasma treatments in PEALD Pt,
recent work32 has experimentally studied the effect on
mechanical adhesion due to O2 and O2+H2 in the PEALD of
Pt. Described in the Supporting Information (Section S4), the
result of introducing more plasma treatments was increasing
peel strengthin direct agreement with the trend in our
thermal results. Thus, we suspect that with a metal oxide
surface the effect of our plasma treatments in a PEALD Pt
interlayer is twofold: (i) the O2 plasma generates stronger
covalent bonds to the substrate and (ii) the H2 plasma
essentially strips the Pt of contaminants such as carbon. With
such a process, the PEALD Pt can better adhere to the
nucleation layer and become a more effective thermal
conduction pathway. Although measurement uncertainties
prevent us from separating the areal and chemical contribu-
tions, previous mechanical studies and the current thermal data
provide semiquantitative insight into the mechanisms behind
the apparent decrease in thermal resistance.

■ CONCLUSION
We have systematically studied metal−dielectric interfaces
using ultrathin (40 cycle, ∼2 nm thick) PEALD Pt interlayers
subjected to O2 and O2+H2 plasma treatments. Quantitative
values are given for the thermal resistance to conduction
between PVD-Pt/PEALD-TiO2 and PVD-Pt/PEALD-Al2O3/
Si material systems by introducing these PEALD Pt interlayers
at their interfaces. A consistent improvement in the effective
thermal resistances between the metal−dielectric interfaces
was observed, with reductions of up to 34% and 42% for TiO2
and Al2O3 compared to control samples with no PEALD Pt at
all. Although measurement uncertainties make it difficult to
draw a definitive conclusion, increased interfacial bonding
strength and additional contact area from nucleating islands of
Pt are thought to have played a role. We suspect the effect of
plasma treatments in a PEALD Pt interlayer is twofold: (i) the
O2 plasma generates stronger covalent bonds to the substrate
and (ii) the H2 plasma essentially strips the Pt of contaminants
such as carbon, thus minimizing the mismatch in the
vibrational spectra between the PVD Pt and PEALD Pt.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.0c19197
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c19197/suppl_file/am0c19197_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c19197/suppl_file/am0c19197_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.0c19197?rel=cite-as&ref=PDF&jav=VoR


This study demonstrates that enhanced thermal transport
across interfaces can be achieved with the inclusion of a
thermal adhesive layer. Foundries and design engineers can
leverage these insights to enhance performance and longevity
of a multitude of electronic devices. The role of reaction
chemistries, lower temperature deposition, and Pt cycle
dependence can be further investigated to form a more
complete understanding of heat conduction in contemporary
deposition techniques such as PEALD.
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