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the gas, and was then terminated at a second grounded anode located
__________________________________________________________________
further downstream. The electron beam volume between the two an-

Thermal processes in extreme environments
Hypersonic
transport

odes deﬁnes the ionization source volume, with the dimensions set by
the slot size (1 × 25 cm2) and the anode-to-anode length (40 cm). A
magnetic ﬁeld of 150 G was produced by a set of external coils. The samples were placed on a 10.2 cm diameter stage located 3.0 cm from the
electron beam axis. The stage was ground and held at room
temperature.
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Fig. 1. The large area plasma processing system (LAPPS), which employs an electron beam generated plasma. (Left) An image of the plasma, and (Right)
processing reactor used in this work.

Jet engine environments

1.2. Schematic illustration of the DARPA/ONR hypersonic HyFly vehicle showing areas of
stagnation point heating at the nose cone, scramjet inlet, and tail fin leading edges.

As a rule of thumb, efficient combustion in air-breathing scramjet engines requires a

c pressure of 𝜌∞ 𝑉∞ 2 /2 = 48kPa, where 𝜌∞ is the free-stream (atmospheric) air

and 𝑉∞ the vehicle velocity[8] . This criterion is shown in Figure 1.3(a), which
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hat flight at higher altitudes (lower air density) requires an increasingly higher Mach

S. D. Kasen, “Thermal management
r
at hypersonic leading edges,” PhD
thesis University of Virginia (2013).
re dictated by any two of these three variables; the third variable becomes fixed.

Figure 1.3. (a) The relationship between altitude and Mach number for a dynamic pressure of
40kPa.
(b) The influence
of leading edge
radius onpressure.
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Environments lead to material change/damage/defects
• Extreme heat fluxes, plasma
sources, ion irradiation can impact
materials and coatings from defects,
cracks, stresses, diffusion,
thermomechanical failure, etc
• Impacts materials and technologies
across all length scales
Coatings subjected to high heat flux
(manufacturing, hypersonics, jet engines)

Nanoscale layers subjected to high
frequencies and high powers (RF and
power devices, logic devices)
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Carlo simulation software capable of modeling a number of features
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IonbombardConcentration
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10energy, creating what is known
he displacements
to predict damage proﬁles following implantation at a beam energy
as a primary knock-on atom, which will in turn collide with another
of 16.5 MeV for each ion. In each case, we specify the beam energy
atom at rest [26]. Throughout the implantation, this process will
as 16.5 MeV and diamond substrate density as 3.515 g/cm [33]. We
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happen repeatedly, yielding recoil cascades within the lattice,
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Defects from ion irradiation
in Si and diamond
10
potentially generating high degrees of damage. When the
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utilize an average displacement energy of 37.5 eV [34,35], a lattice
binding energy of 7.5 eV [36e38], and a surface binding energy of
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Fig. 1. Visualization of ion implantation. Prior to bombardment of the accelerated ions (a), the substrate maintains a diamond cubic crystal structure. Upon impingement of the
lattice (b), the kinetic energy of the accelerated ions is transferred to the carbon atoms at rest, which become primary knock-on atoms, and are then launched further into the lattice
until collision with other atoms at rest. This process repeats to create recoil cascades. Following implantation (c), the ions come to rest at the projected range, creating an amorphous
region, and above this layer, leave behind both point and extended defects.
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For insight on strain within the material, we employ high resolution x-ray diffraction (HRXRD). Triple axis measurements were
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these lines since the size distribution of ErAs nanoparticles in
Thus, in certain cases nanodots clearly play a very significant
the matrix is not a strong function of the growth parameters
role in reducing lattice thermal conductivity, probably by effecand they are typically 2–4 nm in diameter [Figure 3c].[82] The
tively scattering phonons that otherwise would have relatively
PHYSICAL
REVIEW
2, 095001
(2018)
long
mean free paths.
In many ofMATERIALS
these cases it has been
clearly
volume fraction of the embedded nanoparticles can be easily
demonstrated that the reduction in thermal conductivity far
changed from 0.01-6% without introducing defects or dislocaexceeds any concomitant reduction in the power factor caused
tions. Thermal conductivity measurements show a reduction by
as much as a factor of 3 compared to the bulk
alloy [Figure 4b].
Grain
The question remains as to why the incluboundary
+ reduce the thermal
sion of nanodots can
conductivity below the alloy limit. Detailed
calculations of phonon transport have been
II. SAMPLE FABRICATION
performed for ErAs:InGaAs materials,
although the principles developed through
these studies are fairly general and apply for
other nanodot material systems as well.[72,82]
Atomic scale defects in alloys scatter phonons due to differences in mass or due to
generation of strain fields, and the scattering
cross-section follows Rayleigh scattering as
2
d6/λ4, where d is the nanodot diameter and
Atomic
λ is the phonon wavelength.
28 + Hence, short
28 +defect
13
wavelength phonons are effectively scattered
14
15
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in alloys, but the mid-to-long wavelength
Nanoparticle
phonons can propagate without significant
29 +
scattering and thereby still contribute
to heat
+
Short wavelength phonon 13
Hot Electron
14
−2
conduction. By inclusion of nanoparticles,
Mid/long wavelength phonon
significant reduction in lattice thermal con29 + Cold Electron
ductivity can be achieved by the additional
Figure 5. Schematic
phonon scattering
15diagram illustrating various 16
−2 mechanisms within a therscattering of mid- and long-wavelength pho- moelectric material,
along with electronic transport of hot and cold electrons. Atomic defects
nons by the nanoparticles. Calculations show are effective at scattering short wavelength phonons, but larger embedded
are
29 nanoparticles
+
that a wide size distribution +
of nanoparticles required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also
is preferable since it can effectively scatter play an effective role in scattering these longer-wavelength phonons.
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understanding of phonon scattering in materials ranging from
nano- to bulk scales.

Thermal Conductivity (Wm-1K-1)

We implanted intrinsic (100) silicon wafers of thickness
400 µm from WRS Materials with silicon ions at Sandia
National Laboratories using the 6 MV Tandem Van de Graaff
Pelletron Accelerator. Wafers were cleaved into individual
samples approximately 1 cm in area. The first set of samples was irradiated using Si ions at doses of 6.24 × 10 ,
Si( Si )
+
6.24 × 10 , 6.24 × 10 , and 6.24 × 10 cm with a beam
GaN(Ar )
energy of 3.75 MeV. The second set was irradiated using Si
SiC(Kr )
isotopes at doses of 6.24 × 10 , and 6.24 × 10 cm at the
same beam energy. Higher doses of Si irradiation, namely
10
6.24 × 10 and 6.24 × 10 cm , offered significant challenges during the irradiation process as Si is an uncommon
TiC(Kr )
natural isotope and, thus, higher dose samples were unable to
be fabricated. The beam was rastered across the sample sur© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
3976 wileyonlinelibrary.com
Adv. Mater. 2010, 22, 3970–3980
faces to ensure uniform ion implantation.
Simulations using
+
AlN/GaN SL(Ar )
SRIM software [22] were used to predict the damage profile
+
within
the samples, including two detailed calculations with
UO2(Ar )
full damage cascades. For the first, we designated the ion type
as Si with a mass of 28 amu using a beam energy of 3.75 MeV.
For the second case, the ion mass was increased to 29 amu
with all other parameters held constant. The two simulations
1
estimated the total number of induced target vacancies as 6131
1012 1013 1014 1015 1016 1017
and 6311 vacancies/ion, respectively. The depth of highest
-2
defect concentration was predicted to occur approximately 2.5
Dose (cm )
µm and the end of range at 3 µm beneath the sample surface,
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as shown in Fig. 2.
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Pump-probe thermal conductivity measurements can
provide novel methods to detect defects and assess role of
extreme fluxes and environments on material properties
• Pump-probe thermoreflectance techniques: ex situ and in situ
methods to measure defect formation with micron spatial resolution
• Resolving sub-surface defect formation with steady state
thermoreflectance (SSTR)

• In situ detection of plasma-surface excitation dynamics
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Pump-probe thermal conductivity measurements can
provide novel methods to detect defects and assess role of
extreme fluxes and environments on material properties
• Pump-probe thermoreflectance techniques: ex situ and in situ
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ABSTRACT

Thermoreﬂectance techniques, namely, time- and frequency-domain thermoreﬂectance (TDTR and FDTR, respectively), are ubiquitously
used for the thermophysical characterization of thin ﬁlms and bulk materials. In this perspective, we discuss several recent advancements in
thermoreﬂectance techniques to measure the thermal conductivity of solids, with emphasis on the governing length scales and future directions in expanding these advances to diﬀerent length scales and material structures. Speciﬁcally, the lateral resolution of these techniques,
typically on the order of several micrometers, allows for an understanding of the spatially varying properties for various materials. Similarly,
limitations of TDTR and FDTR with respect to their volumetric probing regions are discussed. With a recently developed steady-state
thermoreﬂectance technique, these limitations are overcome as probing volumes approach spot sizes. Finally, recent pushes toward the
implementation of these techniques without the use of a thin metal transducer are presented, with guidelines for future avenues in the
implementation under these specimen conﬁgurations.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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Environmental barrier coating (EBC) systems are applied to the surface of silicon-based composites
exposed to high temperature combustion gas ﬂow paths in gas turbine engines. They reduce the rate of
composite oxidation, its volatilization by reactions with water vapor, and the temperature of the composite as their thermal conductivity decreases. Current EBC systems consist of a silicon bond coat covered
by an ytterbium disilicate (Yb2O3,2SiO2: YbDS) permeation resistant and low silica activity barrier. When
applied by atmospheric-plasma spray deposition, this outer layer contains 10e15% of a secondary
ytterbium monosilicate (Yb2O3,3SiO2: YbMS) phase. YbDS has a coefﬁcient of thermal expansion (CTE) of
4e5 ! 10"6 # C"1, similar to those of the silicon and the silicon-based composite, but a relatively high
thermal conductivity of 5e7 W m"1 K"1. YbMS has a higher steam volatility resistance than YbDS, and it
has a much lower thermal conductivity ($2e2.5 W m"1 K"1) at ambient temperature compared to YbDS,
but its higher, highly anisotropic CTE (3e11 ! 10"6 # C"1) results in channel cracking which reduces
environmental protection. Here, we use a combination of scanning electron beam and laser-based
thermoreﬂectance methods to spatially map the distribution of the silicate phases and thermal conductivity at ambient temperature in a Si-ytterbium disilicate EBC system exposed to thermal cycling in
water vapor. We show that during thermal cycling, diffusion of silica from the thermally grown oxide on
the Si bond coat surface to nearby YbMS regions transforms this phase to YbDS, thereby reducing the risk
of thermomechanical coating failure but decreasing its effective thermal resistance. We also show that as
silica is volatilized at the water vaporeytterbium silicate interface, YbDS is transformed to YbMS,
restoring some of the thermal protection of the coating system lost by its reduction in thickness and the
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nanoscale optical penetration depths, the thermal penetration
depth (i.e., the depth beneath the surface in which these techniques measure the thermal properties), δ thermal , can be limited to
the focused spot size, or much less, depending on the modulation
frequency. Furthermore, given that the pump and probe spot
sizes can be readily focused to length scales on the order of micrometers, thermoreﬂectance techniques allow for spatially resolved
surface measurements of thermal properties with micrometerresolution and the ability to create thermal property areal “maps” or
“images.” We review the pertinent length scales of TDTR, FDTR,
and SSTR in Sec. II, followed by the advances toward areal thermal
property “mapping” in Sec. III.
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FIG. 1. Characteristic excitations and corresponding responses for (a) TDTR, (b) FDTR, and (c) SSTR techniques. In TDTR, the magnitude of the the
monitored as a function of pump-probe delay time, while in FDTR, the thermally-induced phase lag between the pump and probe is monitored as a func
In SSTR, the steady-state induced magnitude of the thermoreﬂectance is monitored for given changes in heat ﬂux. Notice the increase in thermal p
δ thermal , in SSTR resulting from the lower modulation frequencies employed as compared to TDTR and FDTR.
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Length scales that these techniques can probe
Journal of
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controlled by modulation
frequency, limited by spot size

Can localize measurement
surface pixel based on
focused spot size

Steady state regime
Spot size depth resolution
FIG. 3. Characteristic length and time scales associated with laser-based
techniques used to extract thermophysical properties.
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Fig. 1. (a) X-ray diffractogram of the sample of interest, conﬁrming the presence of Y SiO and g - and b-phases of Y Si O . (b) Representative SEM of select grains for reference. (c)
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Inverse pole ﬁgure Z (IPF Z) electron backscatter diffraction orientation micrograph, showing the differing orientations of grains in (b). See Supplementary Information for EBSD
phase micrograph of the same region. The scale bar in (b) and (c) is 5 mm.

Fig. 5. Representation quadrics of the (a) thermal conductivity ma

Fig. 4. (a) The measured thermal conductivity from the three selected regions, plotted as a stereographic projection of the monoclinic crystal. The black d
ty maps for each of the three regions examined. The step size in regions I and III is 0.25 mm, while
that data
in region
is 0.5ofmthe
m. three
Maps regions.
with ﬁner
resolution
of indicate orientations of grains that we are not present in the three regions analyzed. (b) Therm
sured
fromIIeach
Hashed
regions
n II can be found in the Supplementary Information.
map of b-Y2Si2O7 based on the derived thermal conductivity tensor, represented as an inverse pole ﬁgure of the monoclinic structure.

Acta Mat. 189, 299 (2020)

conductivity as represented in Fig. 4(b) is in good agreement with our
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conductivity YbDS serves to counteract this effect near the Si bond
this to be 0.74 W m K for YbMS. Even at elevated temperatures,
coat, effectively creating a constant temperature differential across
the thermal conductivity of YbDS theoretically exceeds that of
the EBC as a function of cycling time. These results are fortiﬁed with
YbMS. Using these theoretical high temperature thermal conducthe improved steam volatility resistance of YbMS at the surface of
tivity values, we calculate the nominal temperature distributions
the coating and improved CTE match of YbDS that forms near the Si
based on the heat-conduction equation in the steady-state regime.
bond coat to the a-SiC substrate. Combined, these factors allow the
We model these temperature gradients as a function of cycling time
to exemplify the impact of the compositional variation on the net
coating to be more environmentally protective and thermotemperature differential of the coating.
Speciﬁc
details
of the
mechanically
stable, all while offering thermal insulation compaMaterials
Today
Physics
17D.H.
(2021)
Olson,100304
J.A. Deijkers, K. Quiambao-Tomko et al.
simulation can be found in the Supplementary Information, but
rable to a TBC.
includes the volatilization of SiO2 from YbDS at the surface of the
5. Conclusion
coating and the formation of YbMS, the presence of YbMS in YbDS
in the middle of the coating, and YbDS enrichment near the Si bond
The associated microstructure and thermal characteristics of a
coat. We do not include the TGO or the Si bond coat in our calcutop coat EBC has drastic implications on the performance and
lations. For reference, we also calculate the temperature gradients
longevity of turbine components that implement such an EBC. The
formed if the EBC were comprised of either YbDS or YbMS.
steam volatility resistant YbMS and CTE-matched YbDS are ideal
The results of our calculations, Fig. 8, indicate a system
constituents that should be readily implemented in such systems.
composed of pure YbDS exhibits the smallest temperature change
As-deposited, the top coat contains amorphous and metastable
across the coating at 100 K, while the largest temperature differconstituents, and is not ideal for insertion into the hot section of a
ence of 160 K was achieved with pure YbMS. The temperature
gas-turbine engine. Upon a stabilization anneal, crystallization
difference across the stabilization annealed specimen, which was
throughout the coating is observed, which improves the CTE match
modeled approximately as a composite with equal distributions of
to the underlying SiC. The coating consists of a YbDS matrix with
YbMS and YbDS, shows a temperature difference of " 122 K. This
YbMS interspersed throughout the coating, suggesting that an
temperature differential is larger than a pure YbDS EBC, which has
improved distribution is possible. As the steam-cycling process
better CTE match to the a-SiC substrate, but smaller than a pure
extends to prolonged periods, an increase in the YbDS concentraYbMS EBC, which has superior steam volatility resistance but has a
tion is found near the Si bond coat, while the volatilization of
high CTE mismatch to the a-SiC substrate. As the EBC is cycled
SiO2 from YbDS at the surface of the coating results in the formation
further, and YbMS forms at the surface of the coating while YbDS is
enriched near the Si bond coat, the temperature differential inof YbMS, which has a higher steam volatility resistance. After 2000
creases slightly, extrapolated to " 124 K at 5000 h of cycling time as
cycling hours, this volatilized region thickens to "15 mm, and a
indicated via the inset of Fig. 8. This marginal increase in temperregion free of YbMS is observed near the bond coat. This is further
ature differential can be attributed to the volatilization of SiO2 from
conﬁrmed via the associated thermal conductivity micrographs,
where the lowest thermal conductivities in the cross-section of the
YbDS at the surface of the coating, as the formation of YbMS is
coating are found at the exposed portion, and the highest are found
near the Si bond coat. The increased fraction of YbDS near the Si
enhances the CTE match with the underlying a-SiC and
Fig. 1. Schematic illustration of a Si-ytterbium silicate EBC system appliedbond
to ancoat
a-SiC
substrate. The ytterbium silicate top coat consists of ytterbium disilicate reduces
(YbDS)oxygen
and grain boundary diffusion as grain coarsening occurs
for prolonged cycling times. The implementation of a YbMS/YbDS
ytterbium monosilicate (YbMS).
top coat EBC layer has several distinct advantages that make it a
strong choice for the use on SiC CMCs.

Thermal conductivity mapping for identification of defect
formation during high temperature cycling
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ABSTRACT

J. Appl. Phys. 129, 055307 (2021)

We demonstrate a steady-state thermoreflectance-based optical pump-probe technique to measure the thermal conductivity of
materials using a continuous wave laser heat source. The technique works in principle by inducing a steady-state temperature
rise in a material via long enough exposure to heating from a pump laser. A probe beam is then used to detect the resulting
change in reflectance, which is proportional to the change in temperature at the sample surface. Increasing the power of the
pump beam to induce larger temperature rises, Fourier’s law is used to determine the thermal conductivity. We show that this
technique is capable of measuring the thermal conductivity of a wide array of materials having thermal conductivities ranging
from 1 to >2000 W m 1 K 1 , in excellent agreement with literature values.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5056182

I. INTRODUCTION
Measurement techniques used to characterize the thermal conductivity () of materials can be broadly categorized
into steady-state and transient techniques. The former, based

along with additional knowledge of the heat capacity of the
material under study.
Steady-state techniques include the absolute technique,
the comparative cut bar technique, the radial heat flow
method, and the parallel thermal conductance technique.

12

the temperature is described by a linear function in z,
T(z) ¼ –(Qtop /j)z þ T(0). The 1/e temperature decay, then,
is simply Tð0Þ=e ¼ %ðQtop =jÞzTPD þ Tð0Þ. Solving for
TPD, zTPD ¼ Tð0Þð1 % 1=eÞðj=Qtop Þ, but in accordance
with Eq. (21), for
a semi-infinite medium
Tð0Þ / ðQtop =jÞ,
PERSPECTIVE
scitation.org/journal/jap
so that the dependency of both heat flux and thermal
conductivity
is nullified.
a result,
for simple isotropic
When
steadyAs
state
conditions
homogeneous bulk materials, the TPD proves to be indeare reached, depth of
pendent of the thermal properties and magnitude of heat
temperature
is the
same
flux. However,
the heaterrise
radius
becomes
important in
regardless
of extending
substrate,
determining
the TPD when
this but
concept to conDT depends
oftemperature
sider themagnitude
effects of radial
decay.on k

Thermal penetration in the steady state regime
Journal of
Thermal wave penetration
Applied Physics

controlled by modulation
frequency, limited by spot size

Steady state regime
Spot size depth resolution
FIG. 3. Characteristic length and time scales associated with laser-based
techniques used to extract thermophysical properties.
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FIG. 3. Temperature rise profiles for (a) bulk a-SiO2 and (b) bulk Si subradius
jected which
to a CW
source with
aA ¼
1 mW and temperature
1/e2 gaussianrise
inherently
reliespower
on the
steady-state
of aof
15 lm.material
Also plotted
in as
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awayoffrom
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system
a result
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lowdistance
frequencies
heating,
whereof
and
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penetramaximum
temperature
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121,
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(2017)
2
the penetration depth is on the order of the spot
size.
13
tion depth is
to beregime
13.3 lm
at r ¼ 0untapped
lm and isregarding
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Asdetermined
a result, a new
previously
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increasing the pump diameter by one order of magnitude
magnitude.
ARTICLE
scitation.org/journal/rsi
nondimensional Fourier number, Fo = ↵t/r02 , where ↵ is the thermal
diffusivity, t is time, and r0 is the pump radius, to generalize
these results for a universal criterion to determine the rise
times for any material. Figure 1(c) shows the relation
between
When
using the 10⇥ objective lens, we typically use a
T/ TSS and Fo, which holds true for any material having the
higher order ND filter to further reduce power going into
previously defined boundary conditions.
the pump photodetector. This is done to compensate for the
As previously mentioned, thermoreflectance experiments
increased
power
generally require use of a thin metal transducer.
In addition
to needed to heat the sample to similar temperatures
to
those
achieved with the 20⇥ objective. Using a
having significant impact on the steady-state temperature rise
lock-inonamplifier
itself,20 we find that it can have significant impact
the rise (Zurich Instruments UHFLI) synced to the
chopper
frequency,
the magnitude ( V) of the probe signal
time of the transient temperature rise. For example, for 80 nm
divided
by
the
DC
probe
signal (V) is recorded simultaneously
Al/Si, the rise time is lower than it is without the transducer
with the
lock-in magnitude of the pump photodetector ( P).
layer for all laser spot sizes, allowing for higher
modulation
frequencies to be used to obtain a steady-state
P astemperature
determined by the LIA is proportional to the amplitude
rise. Conversely, the addition of an 80 nm Al
to a-SiO2 component of the pump waveform. Likewise,
of layer
the sinusoidal
leads to longer 95% rise times than withoutVthe
transducer
corresponds to only the sinusoidal component of the probe
layer. However, in both cases, the degree waveform.
to which theLIA
risedetection thus allows for modulation of the
time differs from the predictable case without
this
transducer
pump with an arbitrary periodic waveform (square, sine, trianis entirely dependent on the pump spot size, relative misgle, etc.) and with any offset power to obtain the same relation
match in thermal properties between the transducer layer and
between the lock-in pump
power and
the
lock-inrise
probe
FIG. 1. Normalized
surface
temperature
( T/ TmagSS ) vs. time for (a) Si and (b)
the substrate, and, to a lesser extent, the thermal boundary
2 diameters
nitude.
The
pump
power
is
increased
linearly
so
that
a
linear
a-SiO
for
CW
laser
surface
heating
with
1/e
(d 0 ) of 1 µm, 10 µm,
2
conductance between the transducer and the substrate. In
and 100
µm. Solid
linespower
indicate noistransducer,
while dashed
lines show the case
relation
between
V/V
with
pump
obtained.
The
particular, as laser spot size decreases, the influence of the
with
an 80determining
nm Al transducer.the
(c) appropriate
T/ T SS vs. Fourier
number in the case of no
slope
of
this
relation,
after
protransducer on the rise time becomes more substantial. Still,
transducer. Thermal parameters used in the model include those for a-SiO2 (Cv
portionality
constant,=is1.66
used
conductivwe find that in most cases, the nondimensional
relation found
MJ mto3 determine
K 1 ,  = 1.4 W thermal
m 1 K 1 ), Si
(Cv = 1.60 MJ m 3 K 1 ,  = 140 W
1 K thermal
1 ), and Al (Cmodel
3 K in
1 , Appendix
ity by comparing
given
=
2.42
MJ
m
=
130 W m 1 B.
K 1 ). Thermal boundary
in Fig. 1(c) is a useful guide to select the maximum
modula- it tomthe
v
conductance
betweenaverager
Al and substrate
was modeled
to be 200 MW m 2 K 1 .
a boxcar
is used
to record
tion frequency, given the pump radius andAlternatively,
a rough idea aofPWA with

eview of
increases the rise time by exactly two orders of
These two correlations suggest we can use the
ientific Instruments
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Steady state thermoreflectance (SSTR)
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•

Therefore, we can claim
Allow pump
!&to stay
“on” long enough
=
for material
&!)to
reach steady state
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+
! '((
Use a Calibration to get -

Ph.D. Dissertation Defense

both theuse
pump and
and probe waveforms over several periods of
Simplified
temperature oscillation by again syncing to the chopper frehigh
through
quency.
Using this approach, we can visualize the sample temperature rise vs. time to determine the steady-state regime of
Rev. Sci. Instrum. 90, 024905 (2019); doi: 10.1063/1.5056182
measurements
the temperature rise.
Published under license by AIP Publishing
enabledComparing
with fiber
the two detection schemes, the LIA approach
allows for faster data acquisition, allows for full automation
opticofintegration
both data acquisition and analysis, and is independent

FIG. 3. Schematic of the Steady-State Thermoreflectance (SSTR) experiment.
PBS: polarizing beam splitter, /2, /4: half- and quarter-wave plates, respecively, 90:10 BS: 90% transmission/10% reflection beam splitter, PD: photodetecor, BPD: balanced photodetector, ND: neutral density filter. The inset shows a
epresentative pump waveform vs. time.

of the waveform used as only the sinusoidal component is
recorded. However, because sinusoidal modulation can only
achieve a quasi steady-state, for accurate determination of
low-diffusivity materials, (i) the modulation frequency must
be lower compared with the PWA case or (ii) the thermal

Rev. Sci. Instrum. 90, 024905 (2019)
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rviewductivity
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materials.
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R.59 While TDTR and
D. Summary and future directions for SSTR
In this section, we provide a brief overview of the steady-state
based thermoreﬂectance metrology, SSTR.59 While TDTR and

well. As a result, syste
larger potential for be
diodes are generally fa
the order of several m

IG. 5. Probe waveforms obtained using a periodic waveform analyzer, shown for (a) a-SiO2 , (b) quartz, (c) Al2 O3 , (d) Si, (e) 4H–SiC, and (f) diamond. The difference
etween the upper and lower dashed lines indicates the V (proportional to temperature rise) used to determine thermal conductivity in each case.

Periodic waveform analyzer/boxcar averager

We first collect data using the PWA via a digital boxcar
erager while modulating the pump beam with a chopper at
0 Hz. Using two independent oscillators, we simultaneously
cord the pump and probe waveforms over a phase space
vided into 1024 bins. The reference frequency is provided by
e chopper. The resulting waveforms, which have been conrted from phase space to time, are shown for the pump in
2
g. 4, while those of the probe are shown in Fig. 5. The six sam-

11 µm. Each waveform was generated by averaging over 5 min
of real time data acquisition.
As expected, the pump waveform shows a perfect on/off
square wave. Note that the magnitude is increased when moving to higher thermal conductivity materials to allow for the
probe waveform to reach approximately the same magnitude
in each sample. The probe waveforms reveal that for all samples except a-SiO2 , a clear steady-state temperature rise is
obtained as indicated by the near-square waveform. By comparison, a-SiO2 has a relatively long-lived transient temper-

n probe photodetector voltage (ΔV=V) vs change in pump detector voltage (ΔP) shown for a glass slide (squares),
(triangles), a sapphire wafer (circles), a sapphire window (open circles), a silicon wafer (inverted triangles), a silico
pentagons), and a diamond substrate
Gray lines
show the predicted
15 therma
Rev.(diamonds).
Sci. Instrum.
90, 024905
(2019) slopes for materials having
Pump and
waveforms data
for a-SiO
and Change
Si, usedinfor
extracting
the thermal
conductivity
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approach
FIG. (c)
12. probe
(a) Experimental
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photodetector
voltage
(ΔV=V) vsvia
change
in pump
detec
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thermal properties of subsurface thin films. The latter contributes
to our fundamental understating of vibrational thermal transport
in ion irradiated solids in the disordered layers about the average
ion termination depth (i.e., the longitudinal projected range).
The localized nature of damage that can be achieved in crystals at the longitudinal projected range through ion implantation
offers an ideal platform to test the capabilities of SSTR as distinct
amorphous layers can be produced by ions at sufficiently high fluences. This depth can be tuned based on a number of parameters,
including the energy and species of the ion, and thus, we design an
experiment in which we ion implant polycrystalline diamond with
N3þ so that the end of range is at a distance under the surface that
is inaccessible with TDTR, but accessible for the measurement
with SSTR.
A single-side polished polycrystalline diamond sample, commercially available from Element Six (TM200), was selected as the
target medium in order to produce regions of localized amorphization about the projected range, which has been previously demonstrated in diamond for ions with sufficient energy.11–14 Localization
of damage through ion implantation can be represented with the
Stopping and Range of Ions in Matter (SRIM) software15,16 through
simulation of the ion concentration and displacements-per-atom
(dpa) profiles. An example is provided in Fig. 1(a), which displays the
result of diamond implanted with N3þ at 16.5 MeV. For this calculation, we utilize a full damage cascade, with nitrogen as the selected
ion, and carbon as the target. The carbon target is modified such that
its properties are reflective of diamond:11 density of 3.51 g cm"3 , displacement energy of 37.5 eV,17,18 lattice binding energy of 7.5 eV,19–21
and a surface binding energy of 3.69 eV.22,23 The dpa is calculated
from the vacancy output of the calculation, assuming a fluence of
4 # 1016 cm"3 . As can be seen from Fig. 1(a), the ion concentration
strate maintains a diamond
cubic
crystal
impingement
of the
and dpa
associated
with these structure.
implant conditionsUpon
yield profiles
that
are localized about the longitudinal projected range, with limited lonbecome primary knock-ongitudinal
atoms,
and
are then
straggle.
In comparison,
other launched
materials, such asfurther
silicon, will into the lattice
amorphous regions in response to implantation with heavy ions
ntation (c), the ions comeyield
towith
rest
thediffuse
projected
range,
24,25
The creating
unique local- an amorphous
but
moreat
spatially
damage profiles.
ization of damage about the longitudinal projected range in diamond
has allowed for advanced lift-out techniques [via focused ion beam
(FIB) milling] of the material above the projected range, which leverFIG. 1. (a) SRIM simulations of the ion concentration (gray) and dpa profile
ages the differences in mechanical properties between diamond and
(red) for N3þ implanted diamond, exposed to a dose of 4 # 1016 cm"2 and ion
amorphous carbon.14,26,27

energy of 16.5 MeV. (b) and (c) HAADF STEM images of a cross section of the
implanted diamond with the same conditions from the SRIM simulation. (c) displays a higher resolution image centered about the longitudinal projected range.
The dark band at the projected range is amorphous, confirmed by the lack of

J. Appl. Phys. 129, 055307 (2021)

II. EXPERIMENTAL
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FIG. 4. Sensitivity analysis of the thermal properties of the implanted diamond by considering the sample as a four-layer system measured with SSTR (a) and TDTR (b).
17
The subscripts refer to the corresponding layer in a top-down manner (for example, layer 1 refers to the Al transducer). Differences in sensitivity to a particular parameter
between the two techniques are attributed to differences in thermal penetration depth. The expected temperature rise of the material system in response to a periodic heat

J. Appl. Phys. 129, 055307 (2021)
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• In situ detection of plasma-surface excitation dynamics

Collaboration:
Scott Walton (NRL)

5: Schematic illustration of the generation of active species in a plasma produced in a molecular gas and their
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TDTR for plasma diagnostics
Demonstrated that TDTR can answer the question: how much heat is
delivered from plasma jet, and how does it impact ultrafast electron
interactions?

“Plasma-surface interactions in atmospheric pressure plasmas: In situ
measurements of electron heating in materials”
Journal of Applied Physics 124, 043301 (Editor’s Pick)

TDTR for plasma diagnostics

043301-6

Demonstrated that TDTR can answer the question: how
much heat is delivered from plasma jet, and how does it
impact ultrafast electron interactions?J. Appl. Phys. 124, 043301 (2018)
Walton et al.

results are shown in Fig. 7, where the plasma jet point of
contact on the surface is varied with respect to the laser spot.
In this case, the jet is driven with pulsed DC (4 ls; 10 kHz).
Figure 7(a) shows the signal intensity acquired while moving
FIG. 5. The change in thermoreflectance produced by th
the plasma jet through the laser point of contact where 1 s
impacting an 80 nm Au film on a quartz substrate. Shown
corresponds to approximately 2 lm. This suggests a heating
response, phase-locked to the plasma driving frequency (36
zone with a diameter of about 0.5 mm, which is about 1/3 the
tion of time. When the plasma jet is turned on (“Jet on”), t
inner diameter of the tube from which the jet emerges.
and power is on. Between “Gas off” (" 27 s) and “AC pow
Figure 7(b) shows the same measurement while moving in
the gas flow is turned off but power remains on. During th
the opposite direction. The slight asymmetry in the signal
no visible plasma plume. Note that the signal does not go
intensity in both figures is consistent and likely due to the
gas flow is off.
measurement geometry (e.g., the jet is incident to the surface
at an angle). Nonetheless, the data support the aforemendifference are not known, we speculate AC
tioned correlation between the plasma jet and surface
inductive heating in the gold film. Importantly,
heating.
ments of Figs. 5 and 6 suggest a correlation
Figure 8 compares the signal response for a jet driven
plasma jet operation and changes in the surfa
with pulsed DC at 10 kHz for 4 ls and 8 ls. An increase in
by elevated
temperatures
the film.
I
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signaldifference
intensity as
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to note that with either jet, the reflectance signa
the scale
between
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is awith left
without the plasma jet operating and (b) those signals after normalizing
toordinate corresponds to the signal intensity of the probe laser response
factor of 2), which is correlated with a relative increase in
after
jetis 4irradiation
arecorresponds
identical,
indicating
when the pulse
width
ls, while the right
to the
signal inten- th
the peak intensity. The latter illustrates the differences in signals after
sity when the
pulse not
width affect
is 8 ls. Note
factor of 2in
difference
intensity
temperature
within
the material.
A somewhat
distridoes
thethesurface
waysinthat
woul
accounting
for any
experimental
variations.
(c) The broader
peak TDTR
signal with
along with a slightly broader profile when the pulse width is 8 ls.
bution is also seen for the longer pulse duration, suggesting
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Figure 2. a) Measured thermoreflectance as a function of time for a 5 µs plasma pulse and b) the measured surface current at the Au fil

DISCUSSION

The second potential mechanism driving the observed c

ence, i.e., a fixed electron tempera
Ž D RrR . with photon energy arou
Thermoreflectance of gold
transition threshold ŽITT., shown i
3. To this purpose corresponding
surements were carried out on a
sample. Maximum values of the p
tivity change, Ž D RrR . max , taken
dent measurements as shown in the
in Fig. 4 as a function of the pho
probe beam. Data for two polariza
• Probe
energies
beam
show thebelow
same trend, althou
d-band
to towards
Fermi level
scatter
lower transition
energies. Th
(ITT)tion with photon energy and the s
ITT are in DT
qualitative agreement w
• Increase
reported in DR/R
Refs. w2,17x. Here, we
• Decrease
the data in Fig. 4 can be described
the model for e Ž v ,Te s 2700 K.,
Fig. 3. Illustration of the density of states in gold at elevated
dashed line for p y p polarization
electron temperatures. Calculated changes of relative reflectivities
for 458 y s polarization. The s
at energies near the interband transition threshold ŽITT. are plotagreement between model calcula
ed in the
inset and
for lattice
various
electron
temperatures.
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Plasma cooling of surface
3 removal or
Plasma cooling: either mass
electron ejection from high eV photons (can
not rule out either)

Cooling of surface from
decrease in surface current
or pulse turning off

-DR = increase in temperature from energy transfer to gold

5 µs plasma pulse and b) the measured surface current at the Au film.

epth beneath the surface in which these teche thermal properties), δ thermal , can be limited to
ize, or much less, depending on the modulation
rmore, given that the pump and probe spot
y focused to length scales on the order of microﬂectance techniques allow for spatially resolved
ents of thermal properties with micrometerability to create thermal property areal “maps” or
ew the pertinent length scales of TDTR, FDTR,
II, followed by the advances toward areal thermal
” in Sec. III.

,20 nm over a wide range of optical wavelengths, resulting in a
“near-surface” heating event. An additional advantage of using a
@R
ΔN term in Eq. (1) is much
metal ﬁlm transducer is that the @N
@R
ΔT, except for when pump excitations induce intersmaller than @T
band transitions and their contributions become comparable.
@R
ΔN lasts only for !1 ps
Even so, the contribution to ΔR from @N
61,62
This is unlike nonmetals where not only temfor most metals.
perature, but also conduction band carrier population can change
the reﬂectivity signiﬁcantly for lifetimes much longer than a
picosecond.63–65 However, if the optical and thermal penetration
depths of the pump and probe beams4arePROPOSED
properly accounted
WORKfor,

Pump-probe thermal conductivity measurements can
provide novel methods to detect defects and assess role of
extreme fluxes and environments on material properties
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c excitations and corresponding responses for (a) TDTR, (b) FDTR, and (c) SSTR techniques. In TDTR, the magnitude of the thermoreﬂectance is
on of pump-probe delay time, while in FDTR, the thermally-induced phase lag between the pump and probe is monitored as a function of frequency.
Figure 5: Schematic illustration of the generation of active species in a plasma produced in a molecular gas and their
-state induced magnitude of the thermoreﬂectance is monitored for given changes in heat ﬂux. Notice the increase in thermal penetration depth,
delivery to a negatively-biased substrate. The incident flux includes: negative ions (-), radicals (R), excited species
ulting from the lower modulation frequencies employed as compared to TDTR and FDTR.
(*), photons (h⌫), compound molecules (CM), and fast neutrals (FN), while ‘dissipation’ mechanisms include thermal
relaxation and the liberation of surface adsorbates.

(2019); doi: 10.1063/1.5120310

answered from a number of research fronts. First, we can understand the post-mortem e↵ects of
plasma-surface interactions on the thermal conductance of the processed surface. To do so, I have
126, 150901-2
extended TBC measurements
via TDTR and picosecond acoustics, as done with the other phases,
to directly measure the change in thermophysical properties of a native aluminum oxide layer [32].
While this does not provide a detailed understanding of energy transfer in itself, it provides strong
motivation to the need for understanding plasma-surface dynamics. From this, I have utilized a
double-lock-in approach during TDTR measurements to directly interrogate plasma-induced electron
heating of an inert Au surface [154]. While this technique does not provide the temporal resolution
required, it provided a number of unique results. The primary of which is an observed cooling
regime, in which we observed a reduction in the electron temperature of the Au surface during plasma
exposure. With this in mind, I propose a detailed temporal investigation into plasma-surface
interactions. This third front will utilize a ‘plasma jet-pump’/CW laser-probe system,
identical to that of the ‘gas-pump’/CW laser-probe system developed for investigation
into solid/gas interfacial heat transfer in the previous section. In a similar light, these
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