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ABSTRACT
The thermal conductivity Λ of wide bandgap semiconductor thin films, such as AlN, affects the performance of high-frequency devices, power
devices, and optoelectronics. However, accurate measurements of Λ in thin films with sub-micrometer thicknesses and Λ > 100 W m−1 K−1

is challenging. Widely used pump/probe metrologies, such as time–domain thermoreflectance (TDTR) and frequency–domain thermore-
flectance, lack the spatiotemporal resolution necessary to accurately quantify thermal properties of sub-micrometer thin films with high Λ. In
this work, we use a combination of magneto-optic thermometry and TiN interfacial layers to significantly enhance the spatiotemporal resolu-
tion of pump/probe thermal transport measurements. We use our approach to measure Λ of 100, 400, and 1000 nm AlN thin films. We coat
AlN thin films with a ferromagnetic thin-film transducer with the geometry of (1 nm-Pt/0.4 nm-Co)x3/(2 nm-TiN). This PtCo/TiN transducer
has a fast thermal response time of <50 ps, which allows us to differentiate between the thermal response of the transducer, AlN thin film, and
substrate. For the 100, 400, and 1000 nm thick AlN films, we determine Λ to be 200 ± 80, 165 ± 35, and 300 ± 70 W m−1 K−1, respectively.
We conclude with an uncertainty analysis that quantifies the errors associated with pump/probe measurements of thermal conductivity, as
a function of transducer type, thin-film thermal conductivity, and thin-film thickness. Time resolved magneto-optic Kerr effect experiments
can measure films that are three to five times thinner than is possible with standard pump/probe metrologies, such as TDTR. This advance
in metrology will enable better characterization of nanoscale heat transfer in high thermal conductivity material systems like wide bandgap
semiconductor heterostructures and devices.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0149651

I. INTRODUCTION

Homo- and hetero-epitaxial layers of wurtzite AlN are an
important class of materials for power electronics,1 radio frequency
(RF) electronics, and optoelectronics.2,3 The high power density
experienced by such devices leads to high operating temperatures.4
High device temperatures limit device performance and reliability.5
Therefore, part of the appeal of AlN for such devices is its high ther-
mal conductivity (Λ). Bulk crystals of wurtzite AlN have reported
values for Λ at room temperature between 300 and 340 W/(mK).6,7

Characterizing Λ in nanoscale structures, such as AlN thin
films, requires that the heat be spatially confined to the region of
interest. One way to do this is to thermally isolate the structure
of interest using nanofabrication techniques.8 This nanofabrication
approach is often used to study Λ of two-dimensional (2D) materi-
als9 and nanowires10 but is rarely used to study thin semiconductor
films. Thin films are generally studied with transient pump/probe
techniques.11,12 In transient pump/probe techniques, heat is con-
fined spatially as a result of the short experimental time scales. The
distance L that heat diffuses in time t is determined by the thermal
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diffusivity α, L ≈ (αt)1/2. By measuring the thermal response
on microsecond to nanosecond time scales, time–domain ther-
moreflectance (TDTR) and frequency–domain thermoreflectance
(FDTR) experiments are able to quantify thermal transport on
micrometer and submicrometer length scales. The minimum length
scale that a TDTR or FDTR experiment can probe is determined
by α of the material of interest and the temporal resolution of the
experiment.

Before conducting TDTR and FDTR experiments, the samples
are coated with a metal film to serve as an optical transducer.12 This
optical transducer absorbs heat from the laser, and its thermore-
flectance is used as an optical thermometer. The speed with which
the temperature of this transducer layer can respond to changes
in the temperature of the adjacent sample determines the temporal
resolution of the experiment.13

The thermal response time of the metal transducer is τ ≈ hC/G,
where h is the metal transducer’s total thickness, C is its average
volumetric heat capacity, and G describes how good the thermal
contact with the sample is. Typical values for these parameters are
h = 80 nm, C = 2.5 MJ m−3 K−1, and G = 100 MW m−2 K−1. There-
fore, the thermal response time is typically of the order of τ ≈ 2 ns.
As a result, for a material with high thermal diffusivity like AlN with
α ≈ 1.4 × 10−4 m2 s−1, spatial resolution of TDTR and FDTR is
limited to length scales greater than L ≈ 500 nm.

One way to improve spatiotemporal resolution is to decrease
the thermal response time of the transducer τ by decreasing the
film thickness h. Experiments that rely on thermoreflectance ther-
mometry cannot do this because h must be large enough that the
transducer is completely optically opaque.13 If h is not large enough,
i.e., h > 40 nm, the reflected probe beam will contain spurious ther-
moreflectance signals generated by temperature-induced changes in
the optical constants of the sample.14 This is problematic because
the thermal models used to analyze TDTR and FDTR data assume
that thermoreflectance signals are a measure of the surface tem-
perature only. Several recent studies have explored TDTR without
a metal transducer.15,16 However, without a metal transducer, heat
is deposited across the micron-scale optical penetration depth of
semiconductors, which affects spatial resolution.16 Furthermore, the
interpretation of signals is complicated by the effect of photoexcited
carriers.17

Time-resolved magneto-optic Kerr effect (TR-MOKE) mea-
surements have emerged as an alternative to TDTR for mea-
surements that require a thin transducer.13,18 TR-MOKE is a
pump/probe method similar to TDTR. However, TR-MOKE uses
a ferromagnetic metal as the transducer. Rather than measur-
ing temperature-induced changes in the intensity of the reflected
probe beam, TR-MOKE experiments measure temperature-induced
changes in the polarization of the reflected probe beam.19 The Kerr
rotation of the magnetic material can be used as a thermometer
because it originates from the magnetism of the transducer, which
depends on the temperature. Since the signal is magnetic in origin,
it originates from only the magnetic transducer layer even when the
film is semi-transparent.13

Several recent thermal transport studies that required small
h transducers have made use of TR-MOKE. Kimling et al. used
TR-MOKE to study transport at interfaces between Pt and amor-
phous SiO2.13 TR-MOKE has also been used to measure in-plane
thermal conductivity of anisotropic bulk crystals13,20 and quasi-2D

materials.18,21,22 For in-plane thermal conductivity measurements, it
is advantageous to minimize the in-plane heat current carried by the
metal transducer, which scales with hΛmetal.

In this work, we use TR-MOKE to study the cross-plane Λ of
AlN thin films. To maximize the spatiotemporal resolution of our
experiment, we use a thin magnetic multilayer as the transducer with
the following geometry: [1 nm-Pt/0.4 nm-Co]x3/[2 nm-TiN]. The
Pt/Co multilayer has perpendicular magnetic anisotropy and a large
polar magneto-optic Kerr effect. The TiN interfacial layer ensures
good thermal contact between the transducer and the AlN thin
film. We use TiN because TiN interfaces have some of the highest
reported G values of any metal, i.e., G > 400 MW m−2 K−1.23,24 As a
result of a small h and high G, the PtCo/TiN transducer has a thermal
response time of ∼50 ps. For comparison, the thermal response times
of an 80 nm Al film and 40 nm TiN film are ∼1500 ps and ∼250 ps

FIG. 1. Comparison of the thermal response times of three types of metal
transducers. (a) Schematic of sample geometry for transducer characterization.
The PtCo/TiN transducer is a multilayer with a geometry of [1 nm Pt/0.4 nm
Co]x3/[2 nm TiN]. (b) Time–domain thermoreflectance data for Al and TiN transduc-
ers (black and blue markers) and time-resolved magneto-optic Kerr-effect data for
the PtCo/TiN transducer (green markers). Gray lines are thermal model predictions
with best-fit values for the interface conductance of 120, 500, and 500 MW/m2 K for
the Al, TiN, and PtCo/TiN transducer, respectively. The thermal response time of
the transducer decreases with thickness. It also decreases as the interfacial ther-
mal conductance increases. (c) Calculated sensitivity of the experimental signals
in (a) to the near surface region of the sapphire substrate. Sensitivity to the top
100 nm of the sapphire increases as the thermal response time of the transducer
decreases.
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(see Fig. 1). The fast thermal response of the PtCo/TiN transducer
allows us to separate the thermal response of the AlN thin films from
that of the interface and substrate.

We measure the thermal conductivity of three AlN thin films
with thicknesses of 1, 0.4, and 0.1 μm. The 0.4 and 1 μm AlN films
were metalorganic chemical vapor deposition (MOCVD) grown epi-
layers on sapphire. The 0.1 μm AlN thin film is an n-type Si doped
AlN film that was MOCVD grown homoepitaxially on an AlN sub-
strate. For 400 and 1000 nm thick AlN films, we determine Λ to be
165 ± 35 and 300 ± 70 Wm−1 K−1, respectively. For the 100 nm n-
type AlN film, we determine that the thermal conductivity to be 200
±80 Wm−1 K−1. We conclude our study by theoretically evaluating
how the thermal response time affects measurement accuracy and
resolution for different types of materials.

II. METHODS
A. Sample preparation

The homoepitaxial AlN layer was grown by metalorganic
chemical vapor deposition (MOCVD) on a single crystal AlN sub-
strate with a dislocation density of <103 cm−2. Trimethylaluminum
(TMAl), ammonia (NH3), and silane (SiH4) were used as precur-
sors for Al, N, and n-type Si dopant, respectively. The carrier gas
was hydrogen (H2) and the growth temperature was ∼1100 ○C. A
100 nm Si-doped n-type AlN epilayer with a Si doping concentra-
tion of 1 × 1019 cm−3 was homoepitaxially grown on top of 550 nm
undoped AlN buffer layer on single crystal AlN substrate. The resis-
tivity of the Si-doped AlN film was ∼10 Ω cm. High-resolution x-ray
diffraction (HRXRD) and atomic force spectroscopy (AFM) mea-
surements indicate that the n-type AlN film had excellent crystal
quality with defect density on the order of 103 cm−2 and low sur-
face roughness of <1 nm. Additional details about the growth can be
found elsewhere.25,26

The two other AlN thin films that we studied were MOCVD
grown epilayers on sapphire purchased from commercial vendors.
The 1 μm AlN film was grown on (0001) sapphire by MOCVD
(DOWA Electronics Materials). The surface roughness was mea-
sured with AFM to be 0.24 nm. The 0.4 μm AlN thin film was
grown on (0001) sapphire by MOCVD (Kyma Technologies). The
surface roughness was measured with AFM to be 1.6 nm. AFM and
transmission electron microscopy (TEM) images are provided in the
supplementary material Figs. S1–S3.

The AlN films were coated with TiN via reactive DC magnetron
sputtering using an AJA Orion series sputtering system. To ensure
a base vacuum pressure <3 × 10−8 Torr before TiN deposition, the
chamber was baked at 100 ○C for 12 h. Additionally, liquid nitro-
gen was circulated through coils inside that chamber during the
sputtering process. During sputtering, the pressure was increased to
1.3 × 10−3 Torr by introducing a mixture of Ar and N2 with partial
pressures of 6 × 10−4 and 7 × 10−4 Torr, respectively. The TiN seed
layer was deposited at a temperature of 575 ○C. The initial thickness
of the TiN layer is ∼4 nm. Further details of how TiN was grown can
be found elsewhere.23

Following the deposition of TiN, the substrates were allowed to
cool to room temperature under a high vacuum of ∼3 × 10−8 Torr.
Once the substrates reached room temperature, the pressure was
raised to 3.5 mTorr by introducing only high purity Ar via an air

mass flow sensor. The substrates were then etched with an RF sput-
ter at 3.5 mTorr at a power of 45 W for 5 min. This removes ∼2 nm
of TiN. As we discuss more below, the sputter etch of the TiN surface
is necessary to ensure good thermal contact between the Pt/Co mul-
tilayer and the TiN layer. Then, the Pt/Co metal multilayer is sputter
deposited. The final multilayer geometry is [1 nm-Pt/0.4 nm-Co]
/[2 nm-TiN].

During deposition of the transducer on the AlN samples, a
sapphire substrate was added to the chamber. TR-MOKE measure-
ments of the sapphire sample are used to verify the thickness of
the transducer layer. Furthermore, to compare the thermal response
time between different types of transducers, we also prepared
sapphire samples with 80 nm Al and 40 nm TiN.

B. Experimental methods
We used TDTR and TR-MOKE experiments to measure the

thermal conductivity of the three aluminum nitride films. Details
about our pump/probe system for TDTR and TR-MOKE measure-
ments are described in Ref. 27. In all current experiments, the pump
and probe beams are focused down on the sample via a 10× objective
lens to a laser spot size is ∼7.5 μm.

The pump beam is modulated at a frequency of 10.7 MHz by
an electric optical modulator (EOM). Temperature-induced changes
in intensity and polarization of the reflected probe beam are mon-
itored via lock-in detection at 10.7 MHz. The signal of inter-
est is the ratio of the in-phase and out-of-phase lock-in signals,
R =V in/Vout .11 These signals are collected as a function of time delay
between the pump and probe beams. All measurements were made
at room temperature. Pump and probe powers are set to keep the
steady-state temperature increase of the system <5 K. The pump flu-
ence was ∼1.4 J/m2. A multilayer optical calculation predicts that the
PtCo/TiN transducer has an absorption of ≈0.24. So, the per pulse
temperature increase in our experiments is less than 20 K.

We analyze the ratio signal using a multilayer analytical solu-
tion to the heat diffusion equation in cylindrical coordinates.11 The
thermal model takes the thermal properties and thicknesses of each
layer as inputs and then produces a prediction for the ratio of the in-
phase and out-phase temperature responses. The important model
inputs are the transducers metal film thickness h and heat capacity C,
the interface conductance G between TiN and the AlN, the thickness
of the AlN film layer, and the substrate’s heat capacity and thermal
conductivity. The thickness of the metal transducer is obtained from
a control sample of sapphire that was sputter deposited at the same
time (see the supplementary material). The transducer and substrate
heat capacity and thermal conductivity are set on the basis of lit-
erature values. The AlN nitride film thickness for the commercial
CVD wafers was obtained from TEM imaging or laser interferome-
try. The only two of the thermal model parameters not fixed based on
literature values are the interface conductance G between the trans-
ducer and AlN, and the thermal conductivity Λ of the AlN film. We
treat these two values as fit parameters and adjust the values until the
thermal model predictions for the ratio agree with our experimental
measurement.

For thermal modeling of the 100 nm n-type AlN sample, the
sample stack has three layers: 100 nm Si-doped AlN, a 550 nm
undoped AlN buffer layer, and an AlN substrate. For thermal mod-
eling, we assumed the buffer layer and substrate to have the same
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thermal properties. In other words, we lump the buffer layer and
substrate together. As discussed in the Results section, this assump-
tion yields a best-fit value for Λ of the combined layer that agrees
with the values in the literature for bulk single crystals of AlN.
Therefore, the assumption to lump these two layers together is
reasonable.

There is a range of values for Λ and G that we can input into
the model that result in reasonable agreement with the data. To
determine this range, we perform a contour analysis like the kind
described in Refs. 28 and 29. We calculate the root mean square per-
centage error between the model and the data for a matrix of Λ and
G values. The RMSE value of <6.5% is set as the limit for reasonable
agreement between the model and the data. Further details for the
RMSE analysis can be found in the supplementary material Fig. S4.

III. THERMAL RESPONSE TIME OF TRANSDUCER
LAYER

To examine the thermal response time of different types of
metal film transducers, we compare TDTR and TR-MOKE signals
for 80 nm of Al, 40 nm of TiN, and 7 nm of PtCo/TiN transduc-
ers on sapphire. These results are shown in Fig. 1. As expected, the
thermal response time scales with the thickness of the transducer.
The thermal response time we observe is 1600, 200, and 38 ps for
Al, TiN, and PtCo/TiN, respectively. Here, we defined the thermal
response time to be time delays at which the ratio signal drops by a
factor of 1/e.

The lines in Fig. 1(a) are predictions for the ratio with the sap-
phire thermal conductivity and the transducer/sapphire interface
conductance G treated as fit parameters. The thermal conductiv-
ities that produce the best fit for the three datasets are Λ = 38
± 3 Wm−1 K−1, Λ = 38 ± 3 Wm−1 K−1, and Λ = 38 ± 2 Wm−1 K−1

for Al, TiN, and PtCo/TiN, respectively. Both TiN transducers
have similarly high values for the interface conductance of G = 500
± 50 MW m−2 K−1. The 80 nm Al transducer has an interface
conductance value of G = 120 ± 10 MW m−2 K−1.

The thermal response time of the transducer has a strong effect
on the sensitivity of our measurement to the thermal conductivity of
the sapphire in the near-surface region. To show this, we performed
sensitivity calculations; see Fig. 1(c). We define the sensitivity para-
meter as the logarithmic derivative of the experimental signal with
respect to a thermal property.30 The sensitivity describes how much
a change in the value of a thermal property will change the exper-
imental signal. For example, a sensitivity of 0.5 to the thermal
conductivity of sapphire implies that 10% increase in the thermal
conductivity of sapphire would change the experimental signal by
+5%. Our calculations show that the peak sensitivity to Λsapphire
(z < 100 nm) is −0.15, −0.25, and −0.4 for the Al, TiN, and
PtCo/TiN transducers, respectively. Additional information on
how the sensitivity of TDTR and TR-MOKE signals depend on
transducer type is provided in Fig. S5.

In dielectric materials at room temperature, heat is carried by
phonons with frequencies in the terahertz (THz) range. Phonon
lifetimes at room temperature are typically one tenth to one hun-
dred of the phonon’s precessional period,31 i.e., 1–10 ps. Therefore,
we do not expect nonequilibrium effects to be important in our
experiments, which have important time-scales longer than 50 ps.

IV. THERMAL RESISTANCE OF THE METAL
TRANSDUCER

In our discussion above about transducer thermal response
times τ, we neglected the effect of the thermal resistance of the metal
transducer. We now consider that effect. Any thermal resistances
internal to the metal transducer will add in series with the trans-
ducer/sample interface resistance and slow the thermal response
time of the transducer. With the effect of thermal resistance of the
transducer included, the thermal response time can be approximated
as τ ≈ hC(Rmetal + 1/G). Here, Rmetal is the total internal thermal
resistance of the transducer. Rmetal includes h/Λ and the resistance
of any internal metal/metal interfaces. h/Λ for all three transduc-
ers is reasonably small and can therefore be neglected. However, the
PtCo/TiN transducer contains many internal metal/metal interfaces.
Of particular concern is the Co/TiN interface, as the Co is sputtered
∼3 h after the TiN layer to accommodate the different deposition
temperatures. Our initial efforts to prepare PtCo/TiN transducers
with fast thermal response times were unsuccessful. This failure was
likely caused by a large value for Rmetal. To address this challenge,
we conducted a set of experiments to explore how our synthesis
procedure impacted the TiN/Co metal/metal interface conductance.

In prior work,28 we showed that a combination of front/front
and front/back TDTR experiments allows the metal/metal inter-
face conductance to be measured. To characterize how G of the
TiN/Co interface depends on the synthesis procedures, we fol-
low the same experimental procedure as described in Ref. 28. We

FIG. 2. TDTR data for Al/Co/TiN trilayer on sapphire. Black and blue markers
are data for trilayers prepared with no RF, and with 300 s of RF sputtering prior
to Co layer deposition, respectively. The red lines are model predictions with
G ≈ 900 MW m−2 K−1 (black marker data) and G > 5000 MW m−2 K−1 (blue
marker data). The data in (a) was collected with pump and probe beams in a front-
front configuration, i.e., pump and probe are both incident on the Al surface. The
data in (b) was collected with pump and probe beams in a front-back configuration,
i.e., the pump was focused through the sapphire onto the TiN/sapphire interface
and the probe was focused on the Al surface.
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prepared two sets of [20 nm-Al/30 nm-Co/30 nm-TiN] trilayers. The
Al layer was included to overcome the poor thermoreflectance of
Co. For one sample, we RF sputter-etched the TiN surface imme-
diately prior to Co deposition. The other sample was not etched
with an RF sputter. We performed two sets of TDTR experiments
on both samples; see Fig. 2. In one set of experiments, the pump
beam irradiated the Al surface (front/front measurements). In the
other set of experiments, the pump beam excited the TiN/sapphire
interface (front/back experiments). In both sets of experiments, the
probe beam was reflected from the Al surface. Therefore, the signal
that we measure is proportional to the Al surface temperature.

We analyze the data with a two-temperature model,28 and fit
the data for the electron interface conductance between the Co and
TiN layers. We observe that for the RF sputter etch sample, the
TiN/Co interface conductance is larger than 5 GW m−2 K−1. How-
ever, if we do not sputter etch the TiN surface prior to Co deposition,
the interface conductance is ∼900 MW m−2 K−1. We credit the low
conductance to oxide formation that results during the ∼3 h it takes
for the sample to cool in vacuum from (of 575 ○C) to room temper-
ature. In the experiments shown below, an RF sputter etch step was
included in the synthesis of the PtCo/TiN transducer.

V. TRANSDUCER THICKNESS REQUIREMENT
FOR OPAQUE SUBSTRATE

The thermal model we use to analyze data assumes that heat is
solely absorbed at the surface of the metal.11 This assumption will
not be suitable for thin transducers deposited on opaque samples
such as silicon. To test how thick the transducer needs to be for
non-transparent vs transparent samples, we performed a series of
TR-MOKE measurements of silicon and 300 nm SiO2/Si with varied
transducer thicknesses. These results are summarized in Fig. 3.

Silicon has an indirect bandgap of 1.1 eV and is not transpar-
ent at our laser energy of 1.56 eV. Alternatively, SiO2 has a bandgap
of 8.4 eV and therefore is transparent. We deposited Pt/Co trans-
ducers with thicknesses that varied between 7 and 35 nm. In Fig. 3,
we compare the measured ratio at a time delay of 20 ps to the
thermal model predictions. For thin transducers deposited on sili-
con, we observed significant deviations between experiment and the
thermal model predictions. We attribute this discrepancy to opti-

FIG. 3. TR-MOKE signals as a function of transducer thickness for a transparent
SiO2 vs opaque Si sample. Experimental measurements of silicon with transducers
less than 30 nm disagree with thermal model predictions (lines). The thermal model
assumes heat is deposited at the surface of the metal, and no heat is absorbed by
the substrate.

cal heating of silicon, which the thermal model does not include. In
contrast, the experimental observations and model predictions are
in good agreement for samples deposited on SiO2. We conclude that
a transducer thickness of 30 nm is required for opaque films and/or
substrates, and no minimum thickness is required for transparent
samples. AlN’s wide bandgap means all the samples of interest are
transparent and do not require a 30 nm thick transducer.

VI. THERMAL CONDUCTIVITY OF ALN THIN FILMS
We now turn our attention to the main goal of our study:

measurements of the thermal conductivity of sub-micrometer AlN
layers. In Fig. 4, we compare TDTR and TR-MOKE measurements
of 0.4 μm thick AlN epilayer on sapphire with different transduc-
ers. In Fig. 5, we summarize the results of TR-MOKE measurements
of the 1, 0.4, and 0.1 μm thick AlN layers. Figures 4 and 5 are the
primary results of this study. Additionally, TR-MOKE results for
sapphire are provided in Fig. S6.

The central hypothesis of our study is that transducers with
short thermal response times allow for more accurate measurements
of thin-film thermal conductivity. This hypothesis is corroborated by
comparing the TDTR and TR-MOKE measurements of the 0.4 μm
AlN epilayer. Figure 4(a) shows the TDTR and TR-MOKE measure-
ments of the 0.4 μm AlN epilayer with three types of transducers.
Figure 4(b) shows the range of Λ and G that results in a good
agreement between our data and the predictions of the model. For
TDTR measurements with an 80 nm Al transducer (1600 ps), the
data are consistent with Λ between 140 and 700 Wm−1 K−1. For
TDTR measurements with the 40 nm TiN transducer (τ ≈ 200 ps),
Λ can be restricted to a narrower range of values between 100 and
260 Wm−1 K−1. Finally, TR-MOKE data collected with the 7 nm
PtCo/TiN transducer (τ ≈ 40 ps), implies Λ between 130 and
200 Wm−1 K−1. We conclude that Λ of the 0.4 μm AlN epilayer is
165 ± 35 Wm−1 K−1.

The sensitivity of the TDTR and TR-MOKE signals to Λ and
G is shown in Figs. 4(c)–4(e). This sensitivity analysis reveals two
reasons why the PtCo/TiN transducer allows for a more accurate
measurement of Λ. First, as expected, sensitivity to Λ of the thin AlN
layer increases as τ of the transducer decreases. The maximum sensi-
tivities to Λ for the Al (τ ≈ 1300 ps), TiN (τ ≈ 200 ps), and PtCo/TiN
(τ ≈ 40 ps), transducers are −0.1, −0.3, and −0.5, respectively. Sec-
ond, small τ allows for better differentiation between Λ and G. For
the experiment with a PtCo/TiN transducer, the peak sensitivity to
G and Λ occur at distinctly different time delays of 150 and 600 ps,
respectively. As a result, G can be fixed by fitting to experimental
signals collected at ∼150 ps. And, Λ can be fixed by fitting to signals
collected at ∼600 ps. This is not possible for the experiment with
an Al transducer because the maximum sensitivity to G and Λ both
occur at a similar time delay of ∼3.5 ns.

In Fig. 5, we show the results of TR-MOKE measurements of
the three AlN thin films. The thermal conductivity of the heteroepi-
taxial 1 μm AlN film on sapphire is Λ ≈ 300 ± 70 Wm−1 K−1. This is
in good agreement with Λ values of 270 to 370 Wm−1 K−1 typically
reported for high purity bulk single crystals of AlN.32–34 The ther-
mal conductivity of the heteroepitaxial 0.4 μm AlN film grown on
sapphire is less: Λ ≈ 165 ± 35 Wm−1 K−1. The reduced thermal con-
ductivity in the heteroepitaxial 0.4 vs 1 μm AlN layers may be due to
the tendency of heteroepitaxial films to have a high concentration of
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FIG. 4. Thermal conductivity measurements of 0.4 μm AlN thin film with different metal film transducers. (a) TRMOKE data (orange markers) and TDTR data with a 35 nm
TiN transducer (burgundy markers) and an 80 nm Al transducer (black markers). Solid lines are best-fit predictions of the thermal model. (b) Contour plot showing the thermal
conductivity and interface conductance values that produce good fits to the data in (a). A good fit is defined as having a root mean square percentage error <6.5%. (c)–(e)
Model predictions for the sensitivity of measured signals to the two fit parameters as a function of time delay.

FIG. 5. (a) TR-MOKE data for the AlN-1 μm film (red marker) the AlN-0.4 μm film (orange marker), and the AlN Si-doped 0.1 μm film (green markers). Solid lines are best-fit
predictions of the thermal model (b) Contour plot showing the thermal conductivity and interface conductance values that produce good fits to the data in (a). (c)–(e) Model
predictions for how measured signals depend on the various thermal model parameters as a function of time delay.
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defects near the substrate interface. Or it may be due to differences
in defect concentration due to different synthesis methods.

We now turn our attention to the Si-doped 0.1 μm AlN sample.
When analyzing the TR-MOKE data for this sample, we simultane-
ously fit the interface conductance G, the thin film thermal conduc-
tivity, and the thermal conductivity of the bulk AlN substrate. We fit
for Λ of the AlN substrate at a time delay of 10 ps, and for G and Λ of
the thin film at longer time delays. At a delay time of 10 ps, the exper-
imental signal is sensitive only to the substrate thermal conductivity,
and the heat capacity per unit area of the PtCo/TiN transducer,
hCPtCo/TiN [see Fig. 5(e)]. It has almost no sensitivity to G or Λ of the
0.1 μm AlN film. The best fit value for Λ of the AlN substrate is
285 Wm−1 K−1, which is similar to values reported for bulk high
purity single crystals.32–34

The best-fit Λ value for the 0.1 μm AlN film is
Λ ≈ 200 Wm−1 K−1. However, with a thermal conductivity
comparable to bulk AlN, and a thickness of 0.1 μm, the thermal
resistance L/Λ of the AlN layer is less than 0.5 m2 K/GW. As a
result, the experimental sensitivity of the MOKE signal to Λ of AlN
film peaks at a fairly small value of −0.25, see Fig. 5(e). This leads
to significant uncertainty in our best-fit value for Λ of the Si-doped
thin film. Without making any assumptions about the value of Λ for
the AlN thin film relative to the bulk crystal, our TR-MOKE data
are consistent with any Λ between 120 and 900 W/(mK). However,
we can further reduce our uncertainty by adding a constraint to
our thermal model that Λ of the AlN layer is less than or equal
to the AlN substrate. With this constraint, we conclude that the
homoepitaxial 0.1 μm AlN layer has Λ ≈ 200 ± 80 W/(mK); see
Fig. 5(b).

The best-fit value for the thermal conductivity of the 0.1 μm
AlN film is comparable to the underlying AlN. So, we conclude
that a Si doping concentration of 1019 cm−3 is not sufficiently high
enough to suppress the thermal conductivity an amount more than
our experimental uncertainties. Our results are consistent with other
findings in the literature. For example, when Si films are doped with
boron at a concentration level of ∼1019 cm−3 the thermal conductiv-
ity is reduced by ∼20%.35 Additionally, studies have reported that Si
doping of GaN at a concentration of approximately ∼7 × 1018 cm−3

leads to a 17% reduction in GaN thermal conductivity.36

VII. MINIMUM SUBSTRATE THICKNESS
REQUIREMENTS FOR THERMAL CONDUCTIVITY
MEASUREMENTS

Our experimental measurements above raise an interesting
question. In general, how thick does a thin film need to be for
TDTR or TR-MOKE to accurately measure its thermal conduc-
tivity? To answer this question, we performed an analysis using
our thermal model. We use our analytical solution to the heat
diffusion equation11 to simulate the ratio for a system with the
geometry of (transducer layer)/(thin film)/sapphire. We varied the
thin-film thermal conductivity in our simulations to be 1 < Λ film
< 1000 W/(mK). We also varied the thin-film thickness to be 3 nm
< Lfilm < 3 μm. As a transducer layer, we consider an 80 nm Al trans-
ducer that is standard in TDTR experiments. We also consider the
[1 nm-Pt/0.4 nm-Co]x3/[2 nm-TiN] transducer that was the focus
of the current study. After simulating the ratio signal, we treat the
simulated signal as data, and fit for the transducer/thin-film G and
thin-film Λ.

FIG. 6. Thermal model calculation of the expected error in (a) the TDTR and (b)
the TR-MOKE experiments as a function of thin film thickness. Each curve shows
the expected error for a material with the labeled thermal conductivity. (c) Predic-
tions of the minimum film thickness required in order for a TDTR or TR-MOKE
measurement to accurately characterize the film thermal conductivity. For mate-
rials with larger thermal conductivities, thicker films are required. TR-MOKE with
a fast PtCo/TiN transducer can measure films 3–5× thinner than is possible with
TDTR and an 80 nm Al transducer.

To mimic uncertainty in thermal model parameters that exists
in real experiments, we used slightly different parameters for fitting
the data than we used to simulate the data. We performed three fits
to the data. One with the transducer thickness set to be in error by
5%. One with the thin-film thickness set to be in error by 5%. One
with the thermal conductivity of the substrate set to be in error by
5%. We define the fit error for each of these trials to be δ = Λ fit/Λ film.
Finally, the total error is calculated by adding the results from the
three trials in quadrature. The total error vs film thickness is shown
in Fig. 6. As expected, the error is lower in all cases for TR-MOKE
with a PtCo/TiN transducer than TDTR with an Al transducer.

VIII. CONCLUSION
In conclusion, we used TR-MOKE to study the cross-plane Λ of

AlN thin films with thicknesses of 1, 0.4, and 0.1 μm. We maximized
the spatiotemporal resolution of our pump/probe measurement by
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using a thin magnetic multilayer transducer of PtCo/TiN. The TiN
interfacial layer maximizes G between the transducer and the sub-
strate. The small overall thickness of ∼7 nm minimizes the thermal
mass of the transducer and allows for a thermal response time
∼30× faster than the 80 nm Al transducer used in most TDTR
experiments. The thermal response time of the transducer has a
strong effect on the sensitivity of our measurement to transport
near the sample surface. We were then able to bound the thermal
conductivities of the AlN thin films as follows: the thermal conduc-
tivity of the heteroepitaxial 1 μm AlN film on sapphire is Λ ≈ 300
± 70 Wm−1 K−1. The thermal conductivity of the heteroepitaxial
0.4 μm AlN film grown on sapphire is Λ ≈ 165 ± 35 Wm−1 K−1.
The thermal conductivity of the homoepitaxial 0.1 μm n-type AlN
layer is Λ ≈ 200 ± 80 W/(mK). Finally, we calculated the minimum
film thicknesses required for TDTR and TR-MOKE to accurately
measure the thermal conductivity of thin films with varied thermal
conductivity. Our modeling shows that to accurately characterize
transport in thin films with Λ of 1, 100, and 1000 W/mK, TDTR
with an 80 nm Al transducer requires the thin films to have a
minimum thickness of 25, 300, and 1600 nm, respectively. Alter-
natively, for TR-MOKE with an ultrafast PtCo/TiN transducer, the
films can be as thin as ∼10, 100, and 500 nm, respectively. This
work has presented a novel approach for accurate thermal transport
measurements of low thermal resistance films and structures. This
advance fills a gap that existed in the types of materials and structures
that could be characterized by pump/probe nanoscale heat transfer
metrologies.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of RMSE analysis
and fitting results of control samples measured by TR-MOKE.
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