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Figure 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 

dynamic pressure of !"#"$/2 = 48kPa, where !" is the free-stream (atmospheric) air 

density and #" the vehicle velocity[8] .  This criterion is shown in Figure 1.3(a), which 

shows that flight at higher altitudes (lower air density) requires an increasingly higher Mach 

number to maintain the necessary dynamic pressure.  The scramjet flight trajectory is 

therefore dictated by any two of these three variables; the third variable becomes fixed.  This 

is important to note upfront because these variables play a role in stagnation point heating. 

Unlike reentry vehicles such as the Space Shuttle Orbiter or its replacement, the 

Orion Multipurpose Crew Vehicle (under development at NASA), a low drag aerodynamic 
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Figure 1.3.  (a) The relationship between altitude and Mach number for a dynamic pressure of 
40kPa.  (b) The influence of leading edge radius on the stagnation point heat flux assuming a cold 

wall (the temperature of the gas >> temperature of the vehicle). 

leads to an increase in species production and thus functional group
density. Then, using new and previously published results, we examine
the relationship between adhesion and thermal boundary conductance
at metal-graphene interfaces. In particular, we explore the relationship
between chemical modi!cation, surface wettability, and thermal
boundary conductance. The results indicate that, with the exception of
hydrogen-functionalized graphene, thermal boundary conductance in-
creases when the functionalization leads to a more hydrophilic
graphene surface. We also show that interfacial titanium layers do not
signi!cantly enhance thermal boundary conductance.

2. Processing system and experimental approach

2.1. Plasma processing system

The large area plasma processing system (LAPPS) is NRL-developed
technology that employs magnetically-collimated, sheet-like electron
beams to generate similarly sized plasma sheets for use in materials
processing [23,24]. A schematic of the processing system is shown in
Fig. 1. The base con!guration is relatively simple, consisting of an elec-
tron beam source, slotted anode, termination anode, sample holder,
and magnetic !eld coils. While these components are considered criti-
cal, there is signi!cant"exibility in their design and operation. Typically,
1–3 keV electron beamswith current densities of 1–5mA/cm2 are used.
Co-axial magnetic !elds of 100–300 G are used to collimate the electron
beam and thus improve uniformity along its length [25]. These param-
eters are suf!cient to produce uniform plasma sheets compatible with
typicalwafer-scale systems (diameter ! 300mm)operating at lowpres-
sures (b100 mTorr).

For the results described here, the plasma processing system [26]
and its operation for the processing of graphene [27,28,29,30] has
been previously described in detail. Brie"y, the system vacuum was
maintained by a 250 l/s turbo pump, with a base pressure ~10"6 Torr.
The operating pressure was achieved by introducing Ar (purity N
99.9999%) and reactive gas of choice (purity N99.999%) through the
mass "ow controllers and throttling the pumping speed using a manual
gate valve. The reactive gas "ow was always 5% of the total "ow.

The electron beamwas produced by applying a"2 kV pulse to a lin-
ear hollow cathode for a duration of 2 ms at a frequency of 50 Hz. The
emergent beam passed through a slot in a grounded anode, traversed
the gas, and was then terminated at a second grounded anode located
further downstream. The electron beam volume between the two an-
odes de!nes 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 !eld of 150 Gwas produced by a set of external coils. The sam-
ples 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.

The details of sample preparation can be found in refs [8,9]. Succinctly,
single layer graphene was grown via low-pressure chemical vapor
deposition (CVD) on copper foil [31] and transferred to 300 nm SiO2/Si
substrates via a standard wet chemical transfer technique [32]. Following
transfer, the samples are assessed for quality and cleanliness and only
those deemed suf!cient were used for further study. For plasma process-
ing, multiple samples were processed at each condition, where at least
one is used for surface characterizations and the otherwas thenmetalized
using e-beam evaporation. For this work, we examine both aluminum
and gold contacts but in each case the thickness is 90 nm. For comparison,
sets of sample that were not plasma functionalized as well as those pre-
paredwith a thin (2 nm) titanium (Ti) wetting layer were alsometalized.

2.2. Plasma diagnostics

The plasma characterization experiments utilized a separate reactor
dedicated for such efforts. The details of that system can be found in pre-
viouswork [33,34]. It is worth noting however, that the diagnostic reac-
tor utilizes a cylindrical electron beam that runs continuously, rather
than a sheet electron beam that is pulsed. Although there will be some
differences between the two systems, the important physics will be
similar. All other conditionswere nominally the same so that the gener-
al trends can be compared. Of interest are the bulk plasma characteris-
tics as a function of operating conditions and to accomplish this,
Langmuir probe measurements were performed using previously de-
scribed data acquisition [33,34] and analysis [35] techniques,

2.3. Surface characterizations

Ex-situ surface diagnostics were performed using an X-ray photo-
electron spectroscopy (K-Alpha XPS) system to identify the presence
or absence of chemical elements. Surface composition was determined
by !tting the high resolution elemental spectra of the C1s, F1s, N1s,
O1s, etc. peaks using commercially available Uni!t software. In the
case of hydrogen functionalization, coverage was estimate by compar-
ing the sp2/sp3 ratio in the C1s peak. The concentration of primary
amineswasdetermined using chemical taggingwith a"uorine-contain-
ing molecule, which is readily quanti!ed by XPS [27].

Static contact angle measurements were performed using an auto-
mated digital goniometer (AST Products, Inc.) equipped with a dispers-
ing needle holder. Liquids with known surface properties (water,
ethylene glycol, and diiodomethane) were placed on the graphene
with a micro-syringe dedicated for each liquid. Once the micro-syringe
is inserted in the needle holder, a 1 !l droplet is extruded while the
graphene is raised perpendicular to the needle holder. Contact angles
of both sides of three independent drops were averaged for each sam-
ple. As a reference, the water contact angle on uniform, as-transferred
graphene is found to be #90°–100°. Contact angles typically vary by

Fig. 1. The large area plasma processing system (LAPPS), which employs an electron beam generated plasma. (Left) An image of the plasma, and (Right) a schematic diagram of the
processing reactor used in this work.
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• 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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Defects from ion irradiation in Si and diamond Oxidation from high heat flux 
(laser) irradiation of Ti

serves as a mechanism to perturb the mass defect scattering term
in well established phonon scattering models [12e14], allowing us
to build-upon the current understanding of phonon defect
interactions.

While there have been numerous investigations of ion implan-
tation effects in diamond, a limited number have reported associ-
ated measured thermal conductivities, with most focusing on
electron or neutron irradiation [15e17]. However, in the case of
neutron irradiation, thermal conductivities as low as 71Wm!1 K!1

are reported for samples implanted at a dose of 4.5" 1018 cm!2

[15]. A number of studies have investigated the role of point defects
in diamond in the form of isotopic impurities, such as 13C content in
12C diamond crystals [10,18e21]. Among these studies, the thermal
conductivity can be reduced by hundreds of Wm!1 K!1 for isotopic
impurity concentrations less than 1%, demonstrating the strong
in!uence of impurity scattering on the thermal conductivity of the
lattice. In this study, at the highest dose, we ultimately "nd the
implanted mass impurity concentration to be much lower than 1%
within the regions measured, but in combination with other forms
of residual lattice defects generated during the implantation pro-
cedure, these defects are capable of reducing the thermal conduc-
tivity by two orders of magnitude.

In short, ion implantation is a bombardment procedure inwhich
ionized atoms are accelerated into a targetmaterial. In industry, it is
a fundamental process used in the manufacture of transistors and
integrated circuits, traditionally utilized to implant semiconductors
with acceptor or donor dopants [22,23]. However, ion implantation
is also capable of producing material modi"cation in the form of
surface modi"cation or amorphous layer formation [24,25]. A
simple schematic of the process is represented in Fig. 1. Prior to
implantation, the target, in this case diamond, maintains the peri-
odicity of its lattice as a polycrystalline material. Upon bombard-
ment of the lattice, ions of C3#, N3#, or O3# are accelerated into the
lattice at an energy of 16.5MeV. At some point during the implant,
the accelerated ions will come into contact with an atom at rest,
and transfer a portion of the kinetic energy, creating what is known
as a primary knock-on atom, whichwill in turn collidewith another
atom at rest [26]. Throughout the implantation, this process will
happen repeatedly, yielding recoil cascades within the lattice,
potentially generating high degrees of damage. When the

accelerated ions no longer have suf"cient energy to move a lattice
atom from its equilibrium position, it comes to rest at its projected
range. With doses and energies high enough, an amorphous layer
will be produced at the end of range [27e29] with residual damage
remaining above this layer in the form of point defects including
vacancies, interstitials, substitutional impurities, as well as
extended defects such as vacancy clusters. In this manuscript, we
quantify the role of this residual damage in the layer above the end
of range on the thermal conductivity of ion irradiated diamond.

2. Experimental

2.1. Sample fabrication and SRIM

Polycrystalline diamond substrates (with grain sizes extending
up to 65e75% of the sample thickness) were purchased from
Element Six and laser diced into quarters, yielding dimensions of
5mm " 5mm in area and 0.3mm in thickness. Polycrystalline
substrates were selected due to their prevalence in high-power
heat-sink applications [2,30]. Samples were then implanted,
normal to the surface, at Sandia National Laboratories with either
C3#, N3#, or O3#ions at a beam energy of 16.5MeV using a 6MV
Tandem Van de Graaf accelerator. Fluences of 4" 1014, 4" 1015, and
4" 1016 cm!2 were used for each ion, yielding a total of nine
implanted samples. To ensure spatial uniformity of the implant, the
beam was rastered across the sample surface during the
implantation.

To estimate the longitudinal projected range of implantation
depth, simulations were performed with Stopping and Range of
Ions in Matter (SRIM) software. SRIM is a widely accepted Monte
Carlo simulation software capable of modeling a number of features
related to ion implantation including implant depths and concen-
trations on scales that would be prohibitively large for other
modeling techniques such as molecular dynamics, for example
[31,32]. We utilize detailed calculations with full damage cascades
to predict damage pro"les following implantation at a beam energy
of 16.5MeV for each ion. In each case, we specify the beam energy
as 16.5MeV and diamond substrate density as 3.515 g/cm3 [33]. We
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

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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FIG. 6. HRTEM images of the irradiated silicon samples irra-
diated with a dose of 6.24 ! 1014 cm"2. Subfigure (a) displays
an unfiltered image of 28Si+ irradiated Si, centered at a depth of
1.01 µm. Subfigure (b) is the same image, filtered. Subfigures (c)
and (d) display filtered images of 28Si+ irradiated Si, centered
at depths of 2.45 and 4 µm, respectively. Subfigure (e) displays
the (200)/(200) points that were selected for imaging. Subfigures
(f)–(h) (29Si+ irradiated Si) display images centered at depths of 0.89,
2.35, and 4.02 µm, respectively.

in other words, an increasing dose changes the strain fields
around the defects. It is also noteworthy that the differences
in the predictions of the models assuming either point or line
defect scattering are negligible compared to the differences
between the measured thermal conductivities of the 28Si+

and 29Si+ irradiated samples. This suggests that the type of
defect (i.e., point vs line) plays a negligible role in reducing
the thermal conductivity compared to the spatial extent of
the strain field associated with that defect. From Fig. 7, it
can be seen that for increasing dose values, the value of
the scaling term increases. As the scaling term is inversely
proportional to !SGi,!i

, this suggests that the local strain
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FIG. 7. Calculated scaling coefficients, c#"1(!SGi ,!i
)"2, for each

dose value such that the thermal conductivity calculated from the
first principles model is set equal the measured values. The blue
rectangles display data for the 28Si+ irradiated samples, whereas the
solid red circles display the same information for the 29Si+ irradiated
samples.

per defect decreases as the dose increases. While this result
may not be immediately intuitive, we note that the scatter-
ing cross-section formulation of Eq. (4) considers localized
strain per defect [1,4] rather than global strain. As previously
mentioned, !SGi,!i

is representative of the strain per defect,
so even though there will be more overall global strain as
the dose increases, our analysis suggests that the change in
strain per defect will decrease with dose. HRXRD supports
this finding, as it was shown that a two order of magnitude
increase in dose only leads to only a factor of $4.6 increase in
strain. In other words, although global strain increase as more
ions are implanted into the lattice, the localized strain field
per ion decreases, which can explained by the formation of
extended defects, such as dislocations or vacancy clustering,
dislocations, stacking faults, etc. [37,40–42], in agreement
with the HRXRD and HRTEM findings.

V. SUMMARY

In summary, we report on the thermal conductivity of
silicon substrates irradiated with two different isotopes of
silicon, 28Si+ and 29Si+, measured via TDTR. The negligible
mass difference between the implanted ion and the average
mass of the substrate allows us to isolate the role of phonon-
strain field scattering on the thermal conductivity. The type
of isotope results in different spatial extents of the strain
fields, consistent with point defects in the 29Si+ irradiated
samples and more extended defects in the 28Si+ irradiated
samples. Our results demonstrate that point defects will de-
crease the thermal conductivity more so than spatially ex-
tended defect structures assuming the same volumetric defect
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3.69 eV [39,40]. The output of the ion distribution and damage
event calculations are combined in Fig. 2. The vacancy output of the
damage event calculations are used to calculate the displacements
per atom (dpa), assuming an atomic density of 1.77! 1023 atoms
cm"3 [41], and a !uence of 4! 1016 cm"3.

2.2. Structural characterization

To experimentally determine the range of damage in the
implanted samples, an FEI Titan is used to perform scanning
transmission electron microscopy (STEM). Fig. 3(a)-(c) display the
results of the STEM measurements for each ion after exposure to a
!uence of 4! 1016 cm"2. In both the SRIM simulations and STEM
measurements, we "nd C3#, the ionwith the lowest atomicmass, to
have the highest longitudinal projected range and depth of peak
damage along with the lowest dpa. Conversely, O3#, the ion with
the highest atomic mass, produces the highest dpa but has the
lowest longitudinal projected range and depth of peak damage. In
general, the experimentally determined depth of peak damage for
each ion is also found to be larger than those estimated through
SRIM. We note that while SRIM is a widely used simulation tool
within the ion implantation community, the quantitative results
provide for a "rst order approximation of the actual projected range
[42e44]. For instance, the crystal structure is not taken into account
as a SRIM parameter, nor potential changes in composition of the
target as a consequence of the implantation process. However, to
obtain the most accurate results, we utilize detailed calculations
with full damage cascades, and adjust the surface binding energy,
lattice binding energy, and displacement energy of the diamond
target to re!ect those provided in the literature. To provide a
comparison of the ranges found via experiment and simulation, we
tabulate the results in Table 1.

To assess the structure of the diamond, we employ selected area
diffraction (SAD). As shown in Fig. 3(d), non-diffracting regions
approximately 5e9 mm beneath the sample surface are evident,
suggesting the presence of an amorphous layer. Outside of this
layer, diffraction is observed, demonstrating crystallinity of the
material. We designate the center of the amorphous region as the
longitudinal projected range of the ion, which corresponds to the
point of highest damage shown in Fig. 2.

For insight on strain within the material, we employ high res-
olution x-ray diffraction (HRXRD). Triple axis measurements were
performed with a Jordan Valley (Bruker) D1 diffractometer, utiliz-
ing Cu K a1 radiation. For all samples, 2 q : u summary scans reveal
the presence of (111) and, at lower intensity, (311) re!ections. Triple
axis scans of the (111) peak demonstrate the presence of strain
within the irradiated materials, as shown in Fig. 4(a) for all samples
implanted at 4! 1016 cm"2. The peak to the lower angle of the (111)
peak is indicative of strain within the material, caused by lattice
damage as a result of the ion irradiation [23,45,46]. In samples
implanted at a lower dose (4! 1014, 4! 1015 cm"2), the strain was
found to be lower than the detection limit, which is expected, as the
level of damage between doses varies by an order of magnitude. For
comparison, Fig. 4(a) displays diamond implanted with C3# at a
dose of 4! 1015 cm"2, and does not display a strain shoulder to the
lower angle of the (111) peak.

While the triple axis scans demonstrate the presence of strain
within the samples, we also employ Bruker RADS simulation soft-
ware [47] to gain quantitative insight into sample strain as a
function of depth. In short, RADS software is a dynamical x-ray
diffraction modeling software allowing for calculation of a number
of parameters, including strain within thin "lms and crystalline
materials. We utilize RADS to model the (111) peak of the
4! 1016 cm"2 implanted samples; carbon implanted at
4! 1016 cm"2 is displayed as an example in Fig. 4(b and c), which
demonstrates the formation of a strained layer. A similar result was
obtained for the nitrogen implanted sample, however, the strain
layer intensity was insuf"cient to adequately model the oxygen
implanted sample (see supplementary data). Due to diamond’s low
scattering factor, simulations were insensitive to the thickness of
the diamond prior to the end of range, and therefore the precise

Fig. 2. SRIM calculations of ion concentrations (solid lines) as well as dpa as a function
of depth for C3#, N3#, and O3# (dashed and/or dotted textured lines). For each case,
detailed calculations with full damage cascades were performed. The dpa is calculated
from SRIM vacancy outputs assuming using a dose of 4! 1016 cm"2, an energy of
16.5MeV, and atomic density of 1.77! 1023 atoms cm"3 [41].

Fig. 3. (a) - (c) cropped STEM images for diamond samples implanted with ion of C3#,
N3#, and O3#, respectively, at a !uence of 4! 1016 cm"2. The depth from the sample
surface to the center of the amorphous region is tabulated in Table 1. (d) Higher res-
olution STEM of the N3# sample at the region of highest damage; amorphicity is
demonstrated from the lack of diffraction via SAD measurements. The presence of
diffraction con"rms crystallinity immediately outside of the region of highest damage.
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different phonon modes and reduce thermal conductivity. A 
schematic diagram is shown in  Figure    5   capturing these var-
ious phonon scattering mechanisms, along with the electrical 
transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 
role in reducing lattice thermal conductivity, probably by effec-
tively scattering phonons that otherwise would have relatively 
long mean free paths. In many of these cases it has been clearly 
demonstrated that the reduction in thermal conductivity far 
exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 
Pb (two elements that have the same atomic mass as the Pb ions 
in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  
ErAs:InGaAs is another interesting example to study along 
these lines since the size distribution of ErAs nanoparticles in 
the matrix is not a strong function of the growth parameters 
and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 
volume fraction of the embedded nanoparticles can be easily 
changed from 0.01-6% without introducing defects or disloca-
tions. Thermal conductivity measurements show a reduction by 
as much as a factor of 3 compared to the bulk 
alloy [Figure  4 b].  

 The question remains as to why the inclu-
sion of nanodots can reduce the thermal 
conductivity below the alloy limit. Detailed 
calculations of phonon transport have been 
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 pho-
nons due to differences in mass or due to 
generation of strain fi elds, and the scattering 
cross-section follows Rayleigh scattering as 
 d  6 /  !   4 , where  d  is the nanodot diameter and 
  !   is the phonon wavelength. Hence, short 
wavelength phonons are effectively scattered 
in alloys, but the mid-to-long wavelength 
phonons can propagate without signifi cant 
scattering and thereby still contribute to heat 
conduction. By inclusion of nanoparticles, 
signifi cant reduction in lattice thermal con-
ductivity can be achieved by the additional 
scattering of mid- and long-wavelength pho-
nons by the nanoparticles. Calculations show 
that a wide size distribution of nanoparticles 
is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-
moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 
are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 
required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 
play an effective role in scattering these longer-wavelength phonons.  
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Atomic 
defect
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Hot Electron
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      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 
x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 
to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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FIG. 1. Room temperature thermal conductivity of materials ir-
radiated with various beam energies and ion species. The filled and
unfilled orange diamond shapes are silicon irradiated with 28Si+

and 29Si+ ions, respectively, at 3.75 MeV (this work). The unfilled
black squares are the thermal conductivity of silicon irradiated with
protons at a beam energy of 200 keV [15]. The filled and unfilled
green pentagons are SiC and TiC samples, respectively, irradiated
with Kr+ ions at 74 MeV [14]. The filled and unfilled blue circles
are GaN and AlN/GaN superlattice samples, respectively, irradiated
with Ar+ ions at 2.3 MeV [17]. The red triangles display the thermal
conductivity of UO2 irradiated with Ar+ with a beam energy of
2 MeV (measurement taken at 328 K) [16].

the irradiation conditions, as confirmed with high-resolution
x-ray diffraction (HRXRD) and high-resolution transmission
electron microscopy (HRTEM). Our results demonstrate that
point defects will decrease the thermal conductivity more
so than spatially extended defect structures, assuming the
same volumetric defect concentrations, due to the larger strain
per defect that arises in spatially separated point defects.
We implement thermal conductivity modeling using density
functional theory (DFT) to show that, for a given defect
concentration, the type of the defect (i.e., point vs line)
plays a negligible role in reducing the thermal conductivity
compared to the strain per defect in a given volume. This has
direct implications to interpretations of reductions in thermal
conductivity observed in nanocomposites with nanoparticles
embedded in host materials [18–21], specifically addressing
the role of strain in manipulating the thermal conductivity
of materials. These results will significantly advance our

understanding of phonon scattering in materials ranging from
nano- to bulk scales.

II. SAMPLE FABRICATION

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 cm2 in area. The first set of sam-
ples was irradiated using 28Si+ ions at doses of 6.24 ! 1013,
6.24 ! 1014, 6.24 ! 1015, and 6.24 ! 1016 cm"2 with a beam
energy of 3.75 MeV. The second set was irradiated using 29Si+

isotopes at doses of 6.24 ! 1013, and 6.24 ! 1014 cm"2 at the
same beam energy. Higher doses of 29Si+ irradiation, namely
6.24 ! 1015 and 6.24 ! 1016 cm"2, offered significant chal-
lenges during the irradiation process as 29Si+ is an uncommon
natural isotope and, thus, higher dose samples were unable to
be fabricated. The beam was rastered across the sample sur-
faces to ensure uniform ion implantation. Simulations using
SRIM software [22] were used to predict the damage profile
within the samples, including two detailed calculations with
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
estimated the total number of induced target vacancies as 6131
and 6311 vacancies/ion, respectively. The depth of highest
defect concentration was predicted to occur approximately 2.5
µm and the end of range at 3 µm beneath the sample surface,
as shown in Fig. 2.

III. RESULTS

Following irradiation, samples were cleaned with alcohol
(sonicated for five minutes in isopropanol, acetone, then
methanol) and subjected to a thirty-minute O2 plasma clean
to remove organic contaminants [23–25]. The samples were
then coated with an aluminum layer of 80 nm nominal thick-
ness via electron beam evaporation to facilitate thermal con-
ductivity measurements via time-domain thermoreflectance
(TDTR). In short, TDTR is a pump-probe technique that
correlates the thermoreflectivity at the surface of the sample
to surface temperature. Fine temporal resolution of thermal
decay is enabled through an ultrafast pulsed laser as the heat
source; we utilize a Ti:Sapphire laser with a repetition rate
of 80 MHz and central wavelength of 800 nm (bandwidth
of 10.5 nm). The thermal properties of the samples were
measured using TDTR by fitting the ratio of the in-phase
to out-of-phase lock-in signal to thermal model detailed in
the literature [26–29]. In the thermal model, each layer of
the sample is assigned three parameters: volumetric heat
capacity (C), thermal conductivity (!), and layer thickness
(d). In between layers, thermal boundary conductance or
Kapitza conductance (h) produces an additional unknown. In
practice, analysis of the TDTR data allows for extraction of
two parameters with a single measurement [15]. We assume
a literature value [30] of 1.65 MJm"3 K"1 for the volumetric
heat capacity of intrinsic silicon at 300 K, verify the aluminum
coating thickness through profilometry, and treat the silicon
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• 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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a b s t r a c t

Environmental barrier coating (EBC) systems are applied to the surface of silicon-based composites
exposed to high temperature combustion gas !ow paths in gas turbine engines. They reduce the rate of
composite oxidation, its volatilization by reactions with water vapor, and the temperature of the com-
posite 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 coef"cient 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
thermore!ectance methods to spatially map the distribution of the silicate phases and thermal con-
ductivity 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
YbMS to YbDS transformation near the bond coat.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Silicon carbide based ceramic matrix composites (SiC CMCs) are
beginning to be implemented in the hottest section of advanced gas
turbine engines where their surface is exposed to hot ($ 1500 #C),

high pressure combustion gas !ow [1]. In these environments, the
SiC surface reacts with both residual oxygen and water vapor to
simultaneously "rst form a silica thermally grown oxide (TGO)
layer which is volatilized by reactions with the steam to form
gaseous silicon hydroxide species such as Si(OH)4 [2,3]. These re-
actions lead to loss of the SiC at rates of up to several micrometers
per hour, suf"cient to greatly reduce the useful life of the compo-
nent [3,4]. This problem is presently addressed by the deposition of
an environmental barrier coating (EBC) to the surface of the CMC
exposed to the gas !ow. The EBC’s primary function is to avoid
oxidation and volatilization of the SiC component but, if made from
materials with low thermal conductivity, can also function as a
thermal and environmental barrier coating (T-EBC) that reduces
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ABSTRACT

Thermore!ectance techniques, namely, time- and frequency-domain thermore!ectance (TDTR and FDTR, respectively), are ubiquitously
used for the thermophysical characterization of thin "lms and bulk materials. In this perspective, we discuss several recent advancements in
thermore!ectance techniques to measure the thermal conductivity of solids, with emphasis on the governing length scales and future direc-
tions in expanding these advances to di#erent length scales and material structures. Speci"cally, 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
thermore!ectance 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 con"gurations.

© 2019 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/10.1063/1.5120310

I. INTRODUCTION

Thermore!ectance-based techniques,1–4 such as time- and
frequency-domain thermore!ectance (TDTR5 and FDTR,6 respec-
tively), have emerged as powerful thermometry platforms to
measure and interrogate the thermal properties of a wide range of
bulk materials and nanosystems.7–9 For example, TDTR and/or
FDTR have been used to measure the thermal conductivity of
bulk solids6,10,11 and exceptionally low thermal conductivity thin
"lms,12–17 volumetric heat capacity,17–19 and thermal transport
properties of nanocomposites, such as superlattices,20–24 alloys,
and nanowire matrices.25–27 These techniques have also shown to
have capabilities in the realm of interfacial conductances across
material interfaces,28 including structurally/compositionally
varying interfaces,29–36 interfaces adjacent to low dimensional
structures (e.g., self-assembled monolayers and graphene),37–41

and solid/liquid interfaces.42–46 Iterations of these TDTR/FDTR

techniques have demonstrated the potential to go beyond measuring
the thermophysical properties of systems and are capable of provid-
ing insight into the vibrational mean free path spectra of solids (i.e.,
relating to the “thermal conductivity accumulation function”)47–55

and the spectral coupling of phonons across interfaces (i.e., relating
to the “thermal boundary conductance accumulation function”).10

Thermore!ectance techniques, by de"nition, rely on the prin-
ciple of thermore!ectance,1,56–58 measuring a material’s change in
re!ectivity due to the change in its temperature. In a typical modu-
lated pump-probe thermore!ectance experiment such as TDTR or
FDTR, a pump beam is used to thermally excite the surface of the
sample at some frequency, f . The change in the intensity of a
re!ected probe beam is related to the temperature change on the
surface as a function of either f or the delay time between the
pump and probe pulses in the case of short pulsed-based experi-
ments. Where TDTR utilizes short, typically subpicosecond, pulses
to monitor the thermore!ectance decay as a function of delay time
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after pump pulse heating as well as the phase shift induced from
the modulated temperature change at f , FDTR can utilize a variety
of pulsed or continuous wave (cw) lasers to monitor the phase
shift in thermore!ectance signals solely as a function of f . When
f becomes low enough, the material of interest will reach steady-
state conditions during periods of the modulation event. In this
regime, a third technique has recently emerged. “Steady-State
Thermore!ectance” (SSTR) operates like FDTR only in the low
frequency limit,59 monitoring the thermore!ectance of the surface
at increasing pump powers and inducing a Fourier-like response
in the material. Ulitmately, SSTR o"ers an alternative method to
measure the thermal conductivity of materials via optical
pump-probe metrologies. The characteristic pump excitations and
responses for each of these techniques are presented in Fig. 1.
We review the recent advances in SSTR in Sec. IV.

In addition to their noncontact nature, these optical metrol-
ogies are advantageous relative to many other thermometry plat-
forms in the relatively small volume and near-surface region in
which they measure. By using proper laser wavelengths to ensure
nanoscale optical penetration depths, the thermal penetration
depth (i.e., the depth beneath the surface in which these tech-
niques measure the thermal properties), !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 micro-
meters, thermore!ectance techniques allow for spatially resolved
surface measurements of thermal properties with micrometer-
resolution 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.

The change in re!ectivity of a given material is related to both
the change in temperature of the material (i.e., the thermore!ec-
tance, which is ultimately of interest for the measurements of tem-
perature changes and thermal properties) and the change in the
number density of the carriers excited by the optical perturbation.
Thus, the total photore!ectance signal change that is measured in
TDTR, FDTR, or SSTR can be expressed as the sum of these two
components,60

!R ! @R
@T

!T " @R
@N

!N , (1)

where @R=@T is the temperature re!ectance coe#cient, @R=@N is
the free-carrier re!ectance coe#cient, and !T and !N are the
changes in temperature and free carriers from the pump excitation,
respectively. In the majority of thermore!ectance measurements
reported in the literature, samples of interest are coated with a thin
metal $lm transducer, in which the change in re!ectivity is directly
related to the change in temperature. This comes with the advan-
tage that the optical penetration depth in metals is con$ned to
,20 nm over a wide range of optical wavelengths, resulting in a
“near-surface” heating event. An additional advantage of using a
metal $lm transducer is that the @R

@N !N term in Eq. (1) is much
smaller than @R

@T !T , except for when pump excitations induce inter-
band transitions and their contributions become comparable.
Even so, the contribution to !R from @R

@N !N lasts only for !1 ps
for most metals.61,62 This is unlike nonmetals where not only tem-
perature, but also conduction band carrier population can change
the re!ectivity signi$cantly for lifetimes much longer than a
picosecond.63–65 However, if the optical and thermal penetration
depths of the pump and probe beams are properly accounted for,

FIG. 1. Characteristic excitations and corresponding responses for (a) TDTR, (b) FDTR, and (c) SSTR techniques. In TDTR, the magnitude of the thermore!ectance is
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 function of frequency.
In SSTR, the steady-state induced magnitude of the thermore!ectance is monitored for given changes in heat !ux. Notice the increase in thermal penetration depth,
! thermal, in SSTR resulting from the lower modulation frequencies employed as compared to TDTR and FDTR.
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approach to predict the thermal conductivity of porous disor-
dered materials with no a priori knowledge of the corre-
sponding bulk phase, unlike DEM theory.

II. EXPERIMENTAL DETAILS

Our experimental technique to determine the thermal
conductivity of the aerogel films is TDTR, a pump-probe
technique in which the change in the thermoreflectance sig-
nal from a sample of interest is monitored in the time domain
by delaying the probe pulse with respect to the heating event,
or pump pulse. Several groups have discussed various exper-
imental configurations to detect the thermoreflectance signal
in the time domain.8,9,11–14 It is important to note that in this
work, we use an 80 MHz oscillator which ensures pulse
accumulation in our signal, therefore yielding the modulated
heat transfer event that is unique to TDTR; this is also neces-
sary for our specific test geometry. We adopt the test geome-
try similar to the approach discussed by Schmidt et al.9 and
Ge et al.,10 as we have described in detail previously.8 In
these works, the samples were fabricated on a transparent
substrate coated with a thin metal film. The pump and probe
laser pulses were reflected by the metal transducer through
the glass, and the change in the TDTR signal was used to
deduce the thermal conductivity of the adjacent sample.
Only the metal film interacts with the laser radiation, and the
thermal energy from the laser pulse is partially absorbed in
only the first !9 nm of the Al film before the thermal energy
propagates through the Al film and then through the adjacent
structures. The analysis of the TDTR signal in this geometry
is described in detail elsewhere.8 A schematic of our experi-

mental geometry is shown in Fig. 1. In our experiments, we
restrict the laser power incident on the sample to less than
!15 mW to ensure minimal DC heating.

To prepare the aerogel samples, we evaporate 85 nm of
Al on VWR micro cover glass (No. 48368040). We then fab-
ricate the aerogel thin films on the surface of the Al film.
The thin aerogel films were prepared using identical proce-
dures as previously described.15 Briefly, silica sols were pre-
pared from a stock solution (tetraethoxysilane, EtOH, H2O,
HCl in a 1.0:3.8:1.1:7.0" 10#14 molar ratio), refluxed
(60 $C, 90 min) and gelled at 50 $C. Surface hydroxyls were
partially replaced with methyl groups using hexamethyldisi-
lazane (HMDS) as the derivatizing agent and sonicated to
reliquify the solution. The solution was spin coated
(2000 rpm, 30 s) onto the Al coated glass. During evapora-
tion, the film gels shrink due to drying stresses and spring
back to create a high porosity aerogel film. We refer to these
films as “aerogel”. After initial TDTR measurements, the
aerogel films were calcined (500 $C, 3 h) to remove the
methyl groups. We refer to these films as “calcined-aerogel”.
We also perform TDTR measurements on Al coated glass
with no silica film as a calibration. This allows us to accu-
rately determine the thermal conductivity, j, of the cover
glass and the thermal boundary conductance, hK, between
the Al film and cover glass, thereby reducing the number of
free parameters in the thermal model needed to determine
the thermal conductivity of the aerogel samples. Scanning
electron microscopy images of an uncalcined, carbon-coated
thin film aerogel are shown in Fig. 1. We note that
calcination did not substantially change the thickness of the
film.

FIG. 1. Scanning electron microsocpy
image of the (a) cross section and (b) top
view of a thin film aerogel. The scale
bars are 500 nm. (c) Schematic of our
experimental geometry. (d) TDTR data
from the EISA and aerogel films along
with data from the sample with no film
(i.e., air). The solid lines represent the
predictions from the thermal model for
various reductions in the SiO2 sample
thermal conductivity.
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which inherently relies on the steady-state temperature rise of a
material system as a result of the low frequencies of heating, where
the penetration depth is on the order of the spot size.

As a result, a new regime previously untapped regarding mea-
surement length scales has been uncovered. Summarized in Fig. 3
are conventional optical metrologies used for the extraction of ther-
mophysical properties and their associated characteristic length and
time scales. In time- and frequency-domain thermore!ectance
techniques, the high frequencies of modulation inherently limit the
probing volume on the order of 100s of nanometers to 1 !m for
most materials. On the other hand, sample size restrictions via the
laser !ash technique are typically limited to ! 100 !m.71 SSTR
o"ers a novel regime of measurement length scales, as spot sizes
can be tuned between several micrometers and millimeters, power
permitting. SSTR is further discussed in Sec. IV.

III. SPATIALLY MAPPING THERMAL CONDUCTIVITY
WITH MICROMETER-SCALE RESOLUTION

The ability to locally probe regions of interest with these
thermore!ectance techniques makes high spatial resolution
mapping a logical extension. With lateral resolution on the order
of the spot size, the techniques naturally lend themselves to
observe local variations in thermore!ectance, and, therefore, local
variations in thermal properties. While full-#eld thermore!ec-
tance techniques o"er immense capabilities in terms of reaching
di"raction-limited resolution and monitoring localized variations
in temperature,72,73 they are generally unable to extract the associ-
ated varying thermal properties for complex, layered material
systems. In Subsections III A and III B, we outline the implementa-
tion of thermore!ectance mapping via TDTR and FDTR, elucidating
key di"erences between the two techniques and highlighting a
multitude of relevant scenarios in which micrometer-scale thermal

FIG. 2. Thermal penetration depth for (a) bare and (b) 100 nm Al coated
a-SiO2 and Si. The solid lines are determined numerically in the work of Braun
and Hopkins,70 while the dashed lines are calculated from Eq. (3). Reprinted
with permission from Braun and Hopkins, J. Appl. Phys. 121, 175107 (2017).
Copyright 2017 AIP Publishing LLC.

FIG. 3. Characteristic length and time scales associated with laser-based
techniques used to extract thermophysical properties.
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system. For example, in all of the aforementioned reports of yttria-
based silicate thermal conductivity, laser-!ash was employed, thus
sampling the average thermal diffusivity over the entire volume of
the sample. These measurements cannot isolate the microstructural
or anisotropic in!uences that different grains have on thermal trans-
port in the sample, especially when the structure is monoclinic as is
for the majority of the rare earth monosilicates and some disilicates.
Clarke et al. [22] have shown that at high temperatures, the thermal
conductivity of various disilicates can achieve exceptionally low val-
ues, reaching the theoretical minimum limit to thermal conductivity
[25]. Additionally, they demonstrate that the thermal conductivity of
Y-, Yb-, and Lu-based disilicates can theoretically be anisotropic. For
these complicated systems, an anisotropic thermal conductivity ten-
sor dictating the !ow of heat is not to be ignored, and has the poten-
tial to largely in!uence EBC applications at the macroscale.

The challenge, however, is in determining the thermal conductiv-
ity tensor in this polycrystalline system with an anisotropic crystal
structure. At large length scales, much larger than the characteristic
grain sizes in a material, non-textured polycrystalline materials with
anisotropic crystal structures yield an isotropic thermal conductivity.
This thermal conductivity isotropy breaks down at the length scale of
the energy carriers, in our case, the mean free paths of the phonons.
Thus, while the thermal conductivity may appear isotropic at macro-
scopic scales, spatially varying temperature rises and local hot spots
can occur that defy this isotropic assumption, since the microscopic
nature of the crystal structure in the grains, which is anisotropic, will
dictate phonon scattering and local temperature rises. While struc-
tural characterization techniques can clearly resolve differences in
local crystal orientation and phases (e.g., electron-backscatter diffrac-
tion), thermal measurement techniques have not been afforded the
luxury of measuring local anisotropy variation from grain to grain
over length scales consisting of several grains. This has led to a void
in our understanding of not only how the local thermal conductivity
of anisotropic polycrystalline samples relates to the more globally-
averaged values, but also leaves several theoretical treatments of
thermal conductivity anisotropy in crystal systems of lower symme-
try unvetted.

In this work, we experimentally measure the thermal conductiv-
ity tensor of b-Y2Si2O7 by conducting an areal map of the thermal
conductivity of polycrystalline b-Y2Si2O7 with » 2 mm resolution.
Locally probing grains and correlating their crystalline orientations to
electron-backscatter diffraction (EBSD) data allows us to measure the
orientation-dependence of heat conduction as quanti"ed by the ther-
mal conductivity. In doing so, we determine the thermal conductivity
tensor of the monoclinic b-Y2Si2O7 system. We "nd that b-Y2Si2O7 is
anisotropic, with an » 40% change in thermal conductivity from its
most to least-insulating orientations. This strong variation in thermal
conductivity of b-Y2Si2O7 based on grain orientation, which is driven
by the naturally large anisotropy in the crystal, has major implica-
tions with regard to predicting mechanisms of failure based on local

thermal strains, and suggests the potential to preferentially texture
polycrystalline EBCs to enhance, restrict, and/or direct heat !ow.

An atmospheric air plasma spray (APS) process was implemented to
fabricate a bulk Y2Si2O7 specimen. The APS process is a non-equilibrium
line of sight thermal spray process, in which a plasma is created using a
high amperage anode with either hydrogen or helium. This plasma has
a core temperature of » 20,000 K with a steep temperature gradient.
Y2Si2O7 powders are fed into the torch and ejected into the plasma
using high !ow rates of an inert gas on the order of hundreds of cubic
feet per hour. The inhomogenous heating of the powders and variation
in powder size results in a heterogeneous mixture of non-equilibrium
phases in the coating. A post-anneal of 1200 BC for 120 hours in ambient
conditions was performed in order to "nalize the heterogeneous mix-
ture of the system. The sample is further characterized via scanning
electron-microscopy and EBSD for local variations in phase and orienta-
tion using a Helios UC G4 Dual Beam FIB-SEM. X-ray diffractionwas per-
formed using a Panalytical Empyrean XRD.

The post-annealed bulk Y2Si2O7 specimen obtained is polycrystal-
line with microstructural features on the order of » 5 mm. Represen-
tative X-ray diffraction (XRD) of the sample can be seen in Fig. 1(a),
which shows that the sample is a multi-phase system consisting of g
and b phases of Y2Si2O7 as well as Y2SiO5. Representative SEM and
EBSD micrographs of select grains are shown in Figs. 1(b) and (c). The
EBSD orientation image shows the varying orientations of grains pres-
ent in Fig. 1(b). Both g- and b-Y2Si2O7 are present in this region, as
shown via EBSD phase micrographs in the Supplementary Information.
Because of the predominantly b phase Y2Si2O7 in our EBSD maps, we
choose to analyze anisotropic thermal conductivity solely in this phase.
EBSD phase micrographs for all regions analyzed in this work can be
found in the Supplementary Information. We further selectively exam-
ine areas via ESBD to verify crystalline orientations of various grains in
different regions of the sample. Grains of interest can be seen in repre-
sentative SEM and EBSD micrographs in Fig. 2. We note that various
orientations of the disilicate are present, with grain sizes on the order
of » 5 mm. The lattice parameters of b-Y2Si2O7 are a = 6.8691 A

!
, b =

8.960 A
!
, c = 4.7168 A

!
, and b = 101.73B [26]. In order to facilitate spatial

thermal conductivity mapping via time-domain thermore!ectance
(TDTR), we deposit an aluminum transducer with nominal thickness
of 80 nm via electron-beam deposition.

TDTR and similar pump-probe metrologies are widely used and
vetted in the literature [27"29], and is the technique we use to
characterize local variations in the thermal conductivity of
b-Y2Si2O7. In our experimental con"guration, we spectrally sepa-
rate the output of an 80 MHz Ti:Sapphire oscillator centered at
808.5 nm into pump and probe paths. The pump path is electro-
optically modulated at 8.4 MHz, and creates a frequency-depen-
dent heating event at the sample surface. The probe is mechani-
cally delayed in time and monitors the thermore!ectance at the
sample surface. The cooling curve is compared to the radially sym-
metric heat diffusion equation to extract the thermal conductivity.

Fig. 1. (a) X-ray diffractogram of the sample of interest, con"rming the presence of Y2SiO5 and g- and b-phases of Y2Si2O7. (b) Representative SEM of select grains for reference. (c)
Inverse pole "gure 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.
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in transducer thickness and thermal conductivity will result in increased
in-plane heat spreading, and extend the spatial resolution for a !xed
modulation frequency. While the thermal penetration depth in the
high-frequency limit (i.e.,

!!!!!!!!!!!!!!
k=pCf

p
) has often been used to estimate in-

plane thermal penetration depths, this parameter must be numerically
determined to account for geometrical considerations of the material
system [35,36]. The in- and cross-plane thermal penetration depths as a
function of modulation frequency can be found in the Supplementary
Information, where we show that the in-plane thermal penetration
depth for a system of this geometry follows » f!0:1 in the high-
frequency limit. Based on the parameters of our system, we !nd that
the in-plane thermal penetration depth, and thus the spatial resolution
of our experiment, is » 1.1mm.

Thermal conductivity micrographs of the three regions of interest
are shown in Fig. 3. The thermal conductivity ranges from 5 to 7 W
m!1 K!1 in the grains of interest. Regions in which the probe beam is
diffusely scattered create artifacts in our acquired signal, and there-
fore cannot be analyzed with con!dence. To overcome these artifacts,
we choose to only analyze regions in which the probe is highly re"ec-
tive so that they do not erroneously impact our results. The speci!c
details are discussed further in the Supplementary Information, along
with re"ectivity micrographs of the surface of each region. At these
length scales, we do not expect a reduction in the thermal conductiv-
ity near grain boundaries to in"uence our results, as this is only to be
expected in materials with mean free paths greater than our spot
sizes, such as diamond [37]. Maps corresponding to the uncertainty
in thermal conductivity can be found in the Supplementary Informa-
tion, along with higher-resolution micrographs of Regions II.

The stereographic projection of the measured values with respect to
the monoclinic system is shown can be found in Fig. 4(a), where the dots
represent the orientations of the grains analyzed for their thermal conduc-
tivity. The error in the measured thermal conductivity values is on the
order of » 20%, as an error of 2.5% in the spot size propagates into an
error of » 15% in thermal conductivity. The exact measured values and
uncertainties for each grain are tabulated in the Supporting Information.
We further examine the thermal conductivity from a continuum
approach, extracting the thermal conductivity tensor of the system.

The thermal conductivity tensor of a monoclinic system takes the
form [38]

~K "
kxx 0 kxz

0 kyy 0
kxz 0 kzz

2

64

3

75;

where kxx and kyy are thermal conductivities measured along the
[100] and [010] directions, respectively, and kzz is the thermal conduc-
tivity measured orthogonal to [100] and [010], b-90 degrees from the
[001] direction, where b is the angle between the [100] and [001]
directions. We will refer to the [100] and [010] directions as x̂ and ŷ;
respectively, and the orthogonal to the two as ẑ . One can explicitly
derive the angular dependence of thermal conductivity of a monoclinic
system on u and f:

k#u;f$ " kxx sin
2f cos2u % kyy sin

2f sin2u % kzz cos2f
% 2kxz sinf cosu cosf:

#1$

In this equation, f is the angle from the ẑ direction, and u is the angle
from the x̂ direction to the projection of the grain orientation onto
the x̂!ŷ plane. The full derivation can be found in the Supplementary
Information.

As the orientation of the grains are known from EBSD, a least-
squares minimization of Eq. (1) allows us to recover the components
of the thermal conductivity tensor. The thermal conductivity tensor
of b-Y2Si2O7 takes the !nal form

~K "
7:2§1:7 0 !0:2§0:1

0 5:3§1:4 0
!0:2§ 0:1 0 5:3§ 1:6

2

64

3

75Wm!1 K!1;

where the uncertainties include the uncertainties in the measured
parameters as well as the 95% con!dence interval of the best !t to
Eq. (1). It is important to note that the appearance of kxz is due to the
de"ection of the monoclinic from the Cartesian coordinate system,
and that the determinant of the thermal conductivity tensor must be
positive so as to be in congruence with the second law of thermody-
namics. The negative thermal conductivity of kxz suggests that a tem-
perature gradient imposed in the x̂ direction would result in a heat
"ux in the -ẑ direction, and vice versa. A rotation of p about the ẑ
direction results in a positive kxz component.

To better visualize the thermal conductivity tensor of this system as
it relates to the structure, we plot these thermal conductivities as a ste-
reographic projection of the crystal system, shown in Fig. 4(b). We
note that the thermal conductivity along the [100] and [100] direc-
tions are identical in thermal conductivity due to the symmetry of the
monoclinic system. We also !nd that the thermal conductivity along
the [001] and [010] directions are both smaller in magnitude than the
[100] direction. The minimum attainable thermal conductivity occurs
in the [010] direction. Overall, the directional-dependent thermal

Fig. 3. Thermal conductivity maps for each of the three regions examined. The step size in regions I and III is 0.25 mm, while that in region II is 0.5mm. Maps with !ner resolution of
grains presented in Region II can be found in the Supplementary Information.
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conductivity as represented in Fig. 4(b) is in good agreement with our
measured data. Tabulated values from Eq. (1) using our extracted ther-
mal conductivity tensor can be found in Table S2 of the Supplementary
Information. In Fig. 5, we show the (a) thermal conductivity magnitude
from Eq. (1) and (b) the representation ellipsoid de!ned by

1 ! Kijxixj; "2#

where xi and xj are the coordinates of the system. The radius of the
thermal conductivity ellipsoid in Fig. 5(b) for a given coordinate pair
is the inverse of the root of the thermal conductivity magnitude for
that coordinate pair (i.e., k$1=2; where k is the thermal conductivity
for some xi and xj).

From the kinetic theory of gasses, the phonon contribution to
thermal conductivity can be approximated as k ! 1

3Cv
2t [39]. In this

equation, C is the volumetric heat capacity, v is the group velocity of
thermal carriers, and t is the scattering rate. We take C to be identical
for each of the crystalline orientations, which is reasonable because
the volumetric heat capacity of a given system takes no directional
dependence. If the directional-dependence to the thermal conductiv-
ity is dictated by the group velocity of the thermal carriers, then we

should see variations in this parameter based on calculated velocities
from the elastic constants of the system. Using elastic constants from
literature [40], the Christoffel equation can be solved for an arbitrary
orientation in the system to extract the group velocities of longitudi-
nal and transverse modes [41]. The Debye velocity, vD, can then be
calculated as,

3
v2D

! 1
v2l

% 1
v2t;1

% 1
v2t;2

; "3#

where vl is the speed of the longitudinal mode, and vt, 1 and vt, 2 are the
speeds of the two transverse modes. We !nd vD to be » 5500, » 4400,
and » 5300m/s along the [100], [010], and [001] directions, respectively.
Steps to solve the Christoffel equation can be found in the Supplementary
Information. Between the [010] and [100] directions, good agreement is
found in the trend between the calculated Debye velocities and thermal
conductivity, whereby an increase in the thermal conductivity is observed
for increasing vD. However, the thermal conductivity along the [010] and
[001] directions are identical despite having different carrier velocities
along these directions. Thus, we attribute the observed changes in ther-
mal conductivity to the scattering rate, t, arising from the differing atomic

Fig. 4. (a) The measured thermal conductivity from the three selected regions, plotted as a stereographic projection of the monoclinic crystal. The black data points represent mea-
sured data from each of the three regions. Hashed regions indicate orientations of grains that we are not present in the three regions analyzed. (b) Thermal conductivity orientation
map of b-Y2Si2O7 based on the derived thermal conductivity tensor, represented as an inverse pole !gure of the monoclinic structure.

Fig. 5. Representation quadrics of the (a) thermal conductivity magnitude and (b) thermal conductivity ellipsoid of b-Y2Si2O7.
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conductivity as represented in Fig. 4(b) is in good agreement with our
measured data. Tabulated values from Eq. (1) using our extracted ther-
mal conductivity tensor can be found in Table S2 of the Supplementary
Information. In Fig. 5, we show the (a) thermal conductivity magnitude
from Eq. (1) and (b) the representation ellipsoid de!ned by
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where xi and xj are the coordinates of the system. The radius of the
thermal conductivity ellipsoid in Fig. 5(b) for a given coordinate pair
is the inverse of the root of the thermal conductivity magnitude for
that coordinate pair (i.e., k$1=2; where k is the thermal conductivity
for some xi and xj).

From the kinetic theory of gasses, the phonon contribution to
thermal conductivity can be approximated as k ! 1

3Cv
2t [39]. In this

equation, C is the volumetric heat capacity, v is the group velocity of
thermal carriers, and t is the scattering rate. We take C to be identical
for each of the crystalline orientations, which is reasonable because
the volumetric heat capacity of a given system takes no directional
dependence. If the directional-dependence to the thermal conductiv-
ity is dictated by the group velocity of the thermal carriers, then we

should see variations in this parameter based on calculated velocities
from the elastic constants of the system. Using elastic constants from
literature [40], the Christoffel equation can be solved for an arbitrary
orientation in the system to extract the group velocities of longitudi-
nal and transverse modes [41]. The Debye velocity, vD, can then be
calculated as,
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where vl is the speed of the longitudinal mode, and vt, 1 and vt, 2 are the
speeds of the two transverse modes. We !nd vD to be » 5500, » 4400,
and » 5300m/s along the [100], [010], and [001] directions, respectively.
Steps to solve the Christoffel equation can be found in the Supplementary
Information. Between the [010] and [100] directions, good agreement is
found in the trend between the calculated Debye velocities and thermal
conductivity, whereby an increase in the thermal conductivity is observed
for increasing vD. However, the thermal conductivity along the [010] and
[001] directions are identical despite having different carrier velocities
along these directions. Thus, we attribute the observed changes in ther-
mal conductivity to the scattering rate, t, arising from the differing atomic

Fig. 4. (a) The measured thermal conductivity from the three selected regions, plotted as a stereographic projection of the monoclinic crystal. The black data points represent mea-
sured data from each of the three regions. Hashed regions indicate orientations of grains that we are not present in the three regions analyzed. (b) Thermal conductivity orientation
map of b-Y2Si2O7 based on the derived thermal conductivity tensor, represented as an inverse pole !gure of the monoclinic structure.

Fig. 5. Representation quadrics of the (a) thermal conductivity magnitude and (b) thermal conductivity ellipsoid of b-Y2Si2O7.
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the maximum temperature of the underlying composite. Charac-
terization of the thermal transport behavior of T-EBC systems is
therefore an area of considerable current interest.

State-of-the-art EBC systems utilize a silicon bond coat with a
low silica activity, rare-earth disilicate top coat [5e8]. In the
absence of a Si bond coat, SiC will form gaseous oxidation products,
such as gaseous CO, which will introduce interfacial porosity and
ultimately result in coating spallation. Thus, the primary function of
the Si bond coat is to prevent oxidation of the SiC by preferentially
forming a SiO2 TGO on its exterior surface [1], as the very low ox-
ygen activity at the interior silicon-SiO2 interface greatly reduces
the oxidizer !ux that reaches the SiC surface. The bond coat’s co-
ef"cient of thermal expansion (CTE) of 4! 10"6 #C"1 is similar to
that of the SiC composite (CTE of 4e5! 10"6 #C"1), and thus re-
duces the driving force for delamination arising from mismatch in
thermal strain between the CMC and bond coat during thermal
cycling. Unfortunately, the TGO layer of the bond coat crystallizes at
elevated temperatures to form b-cristobalite. On cooling through $
240e270 #C, it transforms to the a-phase with a 4e7% reduction in
volume [9e12]. The large elastic strain created by this trans-
formation then creates a driving force for delamination at the Si-
TGO interface that increases with TGO thickness [6].

The rare-earth silicate top coat serves multiple purposes. It re-
duces the oxidizer !ux that permeates to the bond coat, thereby
reducing the rate of SiO2 scale formation and consumption of the
bond coat [31]. In addition to a high resistance to the permeation of
oxidizing species, this exterior layer must have a low steam vola-
tility since its outer surface is in contact with the combustion gas
!ow [32,33]. To reduce the risk of coating failure by thermo-
mechanical mechanisms, the rare earth silicate CTE needs to be
well matched to the SieSiC composite on which it is attached.

Top coats with a low thermal conductivity are preferred since
they are then able to decrease the temperature of the Si bond coat
to prevent melting and reduce the rate of thermally-activated TGO
thickening. The low thermal conductivity also helps to reduce the
temperature of the SiC CMC, whose strength is reduced as the
temperature approaches 1500 #C [7,34,35]. Ytterbium disilicate (b-
phase Yb2Si2O7; YbDS) is widely used and such a Si-YbDS system,
schematically illustrated in Fig. 1, has exhibited good thermo-
mechanical stability and resistance to volatilization for up to 2000 h
of steam cycling between 110 and 1316 #C [6]. Its CTE match to SiC
and moderately low thermal conductivity of 5e7 W m"1 K"1 at
room temperature make it a strong candidate for top coats as a T-
EBC system.

YbDS top coats are applied using atmospheric plasma spray
(APS) deposition of nominally pure YbDS powders [6]. However, a
second ytterbium monosilicate (Yb2SiO5; YbMS) phase is usually
present either from contamination of the powder or by loss of SiO2
during the thermal spray process [36]. As a result, the ytterbium
silicate top coat typically consists of a two-phase system with
10e15% YbMS as elongated solidi"ed droplets in a YbDS matrix
[37]. This has signi"cant implications on the operating performance
of the coating as the thermal conductivity, CTE, and steam volatility
resistance of the two phases are very different, shown in Table 1. On
one hand, a coating consisting entirely of the YbDS phase has been
thought to be preferable since its CTE is well matched with the a-
SiC substrate. However, the steam volatility resistance of YbMS is
much greater than that of YbDS alone [18,38,39]. In practice, the
presence of some YbMS in YbDS coatings appears unavoidable, the
coating’s effective thermo-physical properties are then determined
by the volume fractions and dispersion (i.e., microstructure) of the
two phases. In addition, as the EBC is thermally cycled in steam,
SiO2 loss from the YbDS transforms the outer surface to more
slowly volatilized eroded YbMS [6].

From a CMC thermal protection perspective, low thermal

conductivity ($2.5 Wm"1 K"1 at room temperature) YbMS offers a
higher thermal resistance compared to YbDS ($5e7 W m"1 K"1 at
room temperature [7,13,14,40]). Considerations, however, have not
been made for the anisotropic nature of these materials. We have
previously determined the anisotropic thermal conductivity tensor
of b-Y2Si2O7 [41], and expect YbDS to have similar anisotropy based
on its similarity in elastic constants [13]. At the atomic scale, Zhou
et al. [14] and Xiang et al. [40] have argued that the thermal con-
ductivities of YbMS and YbDS can be attributed to the heterogenous
bonding environment of the crystal, where weaker YbeO bonding
results in low sound velocities and Debye temperatures and, ulti-
mately, low thermal conductivity. Indeed, the sound velocity and
Debye temperature are smaller in YbMS compared to YbDS, despite
YbMS possessing a higher atomic density [14,40]. At the micro-
scopic scale, additional scattering of phonons occurs at grain
boundaries, a mechanism that has been shown to reduce the
thermal conductivity of materials relative to their bulk counter-
parts [42,43].

In addition, due to the anisotropic CTE of YbMS [22] and YbDS
[14,16], it is generally thought that the small grain size formed
during the thermal spray deposition process is preferable so that
large variations in CTE anisotropy at the microscopic scale are
averaged out. This results in a reduction of local strain and a
reduced chance of coating cracks. However, small YbDS grain size
provides a fast transport path for molecular oxygen and hydroxyl
group diffusion to the bond coat, and is therefore not desirable for
slowing the rate of TGO growth [44]. In practice, during the high
temperature use of an EBC, retention of the small grain size is un-
likely, and the system’s microstructure dynamically evolves. An
understanding of the microstructural evolution of a thermally
cycled ytterbium silicate coating and its in!uence on the associated
thermal pro"le would be helpful during the design of coatings for
the hot sections of a gas turbine engine. To design coatings with a
reliable use life, an understanding of the dynamic behavior of the
EBC phase fractions and microstructure during its use in high
temperature, oxygen and steam cyclic conditions, and implications
for thermophysical properties, is therefore needed.

Here, we characterize the evolution of the phase fractions and
microstructure of a model APS deposited Si-YbDS EBC and measure
the thermal conductivity distribution of the EBC system subjected
to varying periods of thermal cycling in a !owing oxygen/steam
environment. This is accomplished by combining scanning electron
microscopy techniques with spatially resolved time-domain ther-
more!ectance (TDTR) thermal conductivity measurements. We

Fig. 1. Schematic illustration of a Si-ytterbium silicate EBC system applied to an a-SiC
substrate. The ytterbium silicate top coat consists of ytterbium disilicate (YbDS) and
ytterbium monosilicate (YbMS).
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After During steam cycling, the SEM images reveal the devel-
opment of a surface region with substantially reduced YbDS. This
resulted from differential steam volatilization rates for the YbDS
and YbMS phases in the coating. Costa and Jacobsen [38] have
shown that mixtures of Yb2O3 ! Yb2SiO5 have a lower silica activity
than Yb2Si2O7 ! Yb2SiO5 mixtures. As a result, during the reaction
of water vapor with these silica rich compounds in which
SiO2 ! H2O # Si(OH)4, silica loss at 1316 "C is approximately 100-
fold higher from the YbDS compared to YbMS under equilibrium
conditions. The loss of SiO2 from the YbDS phase is accompanied by
a partially constrained #26% volume reduction [6], resulting in a
porous silica depleted YbMS reaction product layer. The combina-
tion of underlying YbDS constrained lateral shrinkage during the
reaction and the higher CTE of the reaction product results in
channel cracking and local reaction product delamination upon
cooling, reducing its subsequent utility for resisting inward

permeation of oxidizers towards the bond coat [6].
After 500 h of steam cycling, the outer YbDS surface region

shows evidence of this volatilization, resulting in the formation of a
thin (#5 mm thick) YbMS layer at the steam-exposed surface of the
coating. Not only does this result in a porous YbMS layer, the YbMS
fraction rose from#25 to#67%within 10 mmof the coating surface.
The remainder of the coating matrix was predominantly a YbDS
matrix containing a !ne distribution of YbMS particulates. The
average YbMS fraction was #20% but could vary signi!cantly from
0 to 50% from one splat to another, see Table 2.

The specimen cycled for 2000 h, Fig. 2(c), shows the presence of
a 10e15 mm thick steam volatilized region near the outer surface of
the coating. This layer was both porous and had suffered channel
cracking. Its YbMS phase fraction, as indicated by the pro!le in
Fig. 2(c), indicated the YbMS volume fraction was on average #70%
within 10 mm of the coating surface. The YbDS volume fraction in

Fig. 2. Cross-section back-scattered electron (BSE) micrographs, thermal conductivity micrographs, and normalized phase counts and depth-dependent thermal conductivity for
the (a) stabilization-annealed specimen and specimens cycled for (b) 500 and (c) 2000 h in a steam environment. In the thermal conductivity/phase pro!les, red and black lines
correspond to the darker/lighter area fractions in micrographs corresponding to the YbDS and YbMS phases, respectively, while the blue band corresponds to the range of thermal
conductivity measured as a function of depth.
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of 1.18 W m!1 K!1 for YbDS, while Xiang et al. [40] have estimated
this to be 0.74Wm!1 K!1 for YbMS. Even at elevated temperatures,
the thermal conductivity of YbDS theoretically exceeds that of
YbMS. Using these theoretical high temperature thermal conduc-
tivity values, we calculate the nominal temperature distributions
based on the heat-conduction equation in the steady-state regime.
Wemodel these temperature gradients as a function of cycling time
to exemplify the impact of the compositional variation on the net
temperature differential of the coating. Speci!c details of the
simulation can be found in the Supplementary Information, but
includes the volatilization of SiO2 from YbDS at the surface of the
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
coat. We do not include the TGO or the Si bond coat in our calcu-
lations. For reference, we also calculate the temperature gradients
formed if the EBC were comprised of either YbDS or YbMS.

The results of our calculations, Fig. 8, indicate a system
composed of pure YbDS exhibits the smallest temperature change
across the coating at 100 K, while the largest temperature differ-
ence of 160 K was achieved with pure YbMS. The temperature
difference across the stabilization annealed specimen, which was
modeled approximately as a composite with equal distributions of
YbMS and YbDS, shows a temperature difference of " 122 K. This
temperature differential is larger than a pure YbDS EBC, which has
better CTE match to the a-SiC substrate, but smaller than a pure
YbMS EBC, which has superior steam volatility resistance but has a
high CTE mismatch to the a-SiC substrate. As the EBC is cycled
further, and YbMS forms at the surface of the coating while YbDS is
enriched near the Si bond coat, the temperature differential in-
creases slightly, extrapolated to" 124 K at 5000 h of cycling time as
indicated via the inset of Fig. 8. This marginal increase in temper-
ature differential can be attributed to the volatilization of SiO2 from
YbDS at the surface of the coating, as the formation of YbMS is

coupled with its lower thermal conductivity. The higher thermal
conductivity YbDS serves to counteract this effect near the Si bond
coat, effectively creating a constant temperature differential across
the EBC as a function of cycling time. These results are forti!ed with
the improved steam volatility resistance of YbMS at the surface of
the coating and improved CTEmatch of YbDS that forms near the Si
bond coat to the a-SiC substrate. Combined, these factors allow the
coating to be more environmentally protective and thermo-
mechanically stable, all while offering thermal insulation compa-
rable to a TBC.

5. Conclusion

The associated microstructure and thermal characteristics of a
top coat EBC has drastic implications on the performance and
longevity of turbine components that implement such an EBC. The
steam volatility resistant YbMS and CTE-matched YbDS are ideal
constituents that should be readily implemented in such systems.
As-deposited, the top coat contains amorphous and metastable
constituents, and is not ideal for insertion into the hot section of a
gas-turbine engine. Upon a stabilization anneal, crystallization
throughout the coating is observed, which improves the CTE match
to the underlying SiC. The coating consists of a YbDS matrix with
YbMS interspersed throughout the coating, suggesting that an
improved distribution is possible. As the steam-cycling process
extends to prolonged periods, an increase in the YbDS concentra-
tion is found near the Si bond coat, while the volatilization of
SiO2 fromYbDS at the surface of the coating results in the formation
of YbMS, which has a higher steam volatility resistance. After 2000
cycling hours, this volatilized region thickens to "15 mm, and a
region free of YbMS is observed near the bond coat. This is further
con!rmed via the associated thermal conductivity micrographs,
where the lowest thermal conductivities in the cross-section of the
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
bond coat enhances the CTE match with the underlying a-SiC and
reduces oxygen grain boundary diffusion as grain coarsening occurs
for prolonged cycling times. The implementation of a YbMS/YbDS
top coat EBC layer has several distinct advantages that make it a
strong choice for the use on SiC CMCs.
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Fig. 8. Calculated temperature drops across a typical 100 mm ytterbium silicate EBC,
accounting for SiO2 volatilization from YbDS at the surface of the coating, mixing of
YbMS and YbDS, and an increase in YbDS fraction near the Si bond coat. Temperature
calculations include an EBC composed entirely of YbDS (black line) and YbMS (cyan
short dotted line), the stabilization annealed coating (red dashed line), and coatings
cycled for 500 (blue dotted line), 1250 (green dashed-dotted line), 2000 (magenta
dashed-dotted-dotted line), and 5000 (beige short dashed line) hours. The inset shows
the total temperature drop arising from the implementation of the EBC as a function of
cycling time.
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ABSTRACT
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 ther-
mal conductivity () of materials can be broadly categorized
into steady-state and transient techniques. The former, based
on Fourier’s law, allow for direct measurements of thermal
conductivity, whereas the latter rely on the heat diffusion
equation such that volumetric heat capacity and thermal
conductivity are coupled through the thermal effusivity or
thermal diffusivity, depending on the time and length scales
of the measurement. Some examples of transient tech-
niques include transient hot-wire,1 transient plane source,2
the 3! method,3 and non-contact pump-probe techniques
such as laser flash,4 time-domain thermoreflectance (TDTR),5
and frequency-domain thermoreflectance (FDTR).6 The 3!
method, TDTR, and FDTR have proven to be robust techniques
capable of measuring thermal properties of both bulk and thin
film materials. TDTR and FDTR, specifically, have the advan-
tage of being non-contact techniques requiring a very small
experimental surface area to heat and probe. However, these
techniques can be expensive and difficult to operate as they
generally require detection of the phase shift of a signal that
needs to be separated from instrument electronic phase shifts

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.
Zhao et al. provide an extensive review of these techniques.7
While these techniques are straightforward and require only
variations of Fourier’s law to analyze experimental data, they
have practical limitations that make them undesirable com-
pared to the aforementioned transient techniques. For exam-
ple, all of these techniques are designed for bulk materi-
als, so they require relatively large experimental volumes
and heater/sensor areas. This makes them highly suscep-
tible to radiative and convective losses, often necessitating
vacuum conditions during measurements.8 Moreover, tech-
niques requiring contact between a sensor and a sample
generally include the undesired artifact of contact thermal
resistance that can obscure the measurement of intrinsic
thermal conductivity. Additionally, they can require waiting
times up to several hours to reach steady-state temperatures.
Finally, these techniques fundamentally measure the thermal
conductance across a bulk specimen rather than within a
locally probed area as has been shown in FDTR9,10 and

Rev. Sci. Instrum. 90, 024905 (2019); doi: 10.1063/1.5056182 90, 024905-1
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which inherently relies on the steady-state temperature rise of a
material system as a result of the low frequencies of heating, where
the penetration depth is on the order of the spot size.

As a result, a new regime previously untapped regarding mea-
surement length scales has been uncovered. Summarized in Fig. 3
are conventional optical metrologies used for the extraction of ther-
mophysical properties and their associated characteristic length and
time scales. In time- and frequency-domain thermore!ectance
techniques, the high frequencies of modulation inherently limit the
probing volume on the order of 100s of nanometers to 1 !m for
most materials. On the other hand, sample size restrictions via the
laser !ash technique are typically limited to ! 100 !m.71 SSTR
o"ers a novel regime of measurement length scales, as spot sizes
can be tuned between several micrometers and millimeters, power
permitting. SSTR is further discussed in Sec. IV.

III. SPATIALLY MAPPING THERMAL CONDUCTIVITY
WITH MICROMETER-SCALE RESOLUTION

The ability to locally probe regions of interest with these
thermore!ectance techniques makes high spatial resolution
mapping a logical extension. With lateral resolution on the order
of the spot size, the techniques naturally lend themselves to
observe local variations in thermore!ectance, and, therefore, local
variations in thermal properties. While full-#eld thermore!ec-
tance techniques o"er immense capabilities in terms of reaching
di"raction-limited resolution and monitoring localized variations
in temperature,72,73 they are generally unable to extract the associ-
ated varying thermal properties for complex, layered material
systems. In Subsections III A and III B, we outline the implementa-
tion of thermore!ectance mapping via TDTR and FDTR, elucidating
key di"erences between the two techniques and highlighting a
multitude of relevant scenarios in which micrometer-scale thermal

FIG. 2. Thermal penetration depth for (a) bare and (b) 100 nm Al coated
a-SiO2 and Si. The solid lines are determined numerically in the work of Braun
and Hopkins,70 while the dashed lines are calculated from Eq. (3). Reprinted
with permission from Braun and Hopkins, J. Appl. Phys. 121, 175107 (2017).
Copyright 2017 AIP Publishing LLC.

FIG. 3. Characteristic length and time scales associated with laser-based
techniques used to extract thermophysical properties.
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fundamentally establishes the upper limit to the attainable
TPD in the modulated case. The surface temperature for CW
and pulsed sources is given by Eqs. (28) and (30); we use
these solutions to solve for the entire depth dependent tem-
perature profile utilizing Eq. (13) and, when considering a
layered system, Eq. (16).

For a bulk system (homogeneous, semi-infinite mate-
rial) irradiated with an unmodulated CW source, the TPD is
determined to be independent of both power and thermal
properties of the system; only radius of the heating event
is directly correlated with the TPD. Shown in Fig. 3 is
the temperature profile for both bulk a-SiO2 and bulk Si
subjected to the same CW source having a heater radius
r0! 15 lm and average absorbed power of 1 mW. In both
cases, the temperature decay from the maximum tempera-
ture is equivalent when normalized. However, it is clear
that a-SiO2, given the same heat flux, has a significantly
higher temperature distribution. Nonetheless, the tempera-
ture decay with depth is proportionally the same in both
cases. While this may seem counterintuitive in the context
of optical thermometry techniques, as the thermal perpetra-
tion depth is traditionally assumed to increase with increas-
ing thermal conductivity, these results can be understood in
the context of a simple Fourier analysis, given that the
source is a constant heat flux. For example, in a one-
dimensional example, given a constant heat flux boundary
condition, Fourier’s law implies Qtop! –j(dT/dz), so that
the temperature is described by a linear function in z,
T(z)! –(Qtop /j)z"T(0). The 1/e temperature decay, then,
is simply T#0$=e ! %#Qtop=j$zTPD " T#0$. Solving for
TPD, zTPD ! T#0$#1% 1=e$#j=Qtop$, but in accordance
with Eq. (21), for a semi-infinite medium T#0$ / #Qtop=j$,
so that the dependency of both heat flux and thermal
conductivity is nullified. As a result, for simple isotropic
homogeneous bulk materials, the TPD proves to be inde-
pendent of the thermal properties and magnitude of heat
flux. However, the heater radius becomes important in
determining the TPD when extending this concept to con-
sider the effects of radial temperature decay.

To this end, we next consider the effect of varying the
pump radius. Plotted in Fig. 4(a) is the TPD of a semi-
infinite bulk material as a function of pump radius for a CW
gaussian source. We note that while the most common defi-
nition for TPD is the 1/e decay length, the definition invoked
can make a drastic difference on the calculated thermal pene-
tration depth. For example, changing the thermal penetration
depth definition to the 1/e2 or 1/e3 temperature decay length
can increase this length by an order of magnitude, depending
on the pump radius. No matter what the definition for TPD,
however, a linear relationship is found between the pump
radius and TPD.

Additionally, we can quantify the exact percent temper-
ature decay as a function of depth for any given radius.
Shown in Fig. 4(b) is this decay percentage as a function of
depth for two pump radii, 1 and 100 lm. Comparing the two
cases reveals that the smaller radius achieves the same decay
percentage at much shallower depths than the larger radius.
However, when normalizing depth to the pump radius, as
defined by z/r0, the decay percentages are exactly the same.
This allows us to generalize these results to predict the decay
percentage at any given depth along the r! 0 contour for
any pump radius, r0. One conclusion from these results is
that, while the definition of 1/e decay length suggests a com-
parable TPD to 1/e2 pump radius, invoking different defini-
tions for the TPD (e.g., 99% decay length) can result in the
TPD being orders of magnitude greater than this pump
radius. Although the examples here are given for an unmodu-
lated case, this idea extends similarly to the modulated TPD.
Thus, interpretations of this length scale dictating physical
phenomena observed in TDTR/FDTR become complicated
simply by the definition of the TPD invoked.

Next, we consider the differences between pulsed and
CW temperature profiles and explore the relationship such
profiles hold with the repetition rate. Our calculations lead to
the following general conclusions. First, the steady-state
temperature profile, while independent of time in the CW
case, displays a strong time dependence when considering a
pulsed source. This results from the heat flux being supplied

FIG. 3. Temperature rise profiles for (a) bulk a-SiO2 and (b) bulk Si sub-
jected to a CW source with power aA! 1 mW and 1/e2 gaussian radius of
15 lm. Also plotted in both cases is the 1/e distance away from the point of
maximum temperature (z! r! 0 lm). For both SiO2 and Si, the 1/e penetra-
tion depth is determined to be 13.3 lm at r! 0 lm and is independent of
absorbed power.

FIG. 4. (a) Thermal penetration depth along the r! 0 contour of the spatial
temperature profile as a function of 1/e2 radius of the unmodulated, CW pump
beam heating event for a semi-infinite solid. The thermal penetration depth is
defined in three ways, 1/e, 1/e2, and 1/e3 temperature decay length. (b)
Temperature decay percentage from surface temperature (T(z)/T(0)) along the
r! 0 contour as a function of (bottom axis) depth for two pump radii, 1 and
100lm. To generalize, also shown as a dashed line is the same decay percent-
age vs. (top axis) normalized depth, defined as the ratio of depth to pump radius.

175107-7 J. L. Braun and P. E. Hopkins J. Appl. Phys. 121, 175107 (2017)
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FIG. 3. Schematic of the Steady-State Thermoreflectance (SSTR) experiment.
PBS: polarizing beam splitter, �/2, �/4: half- and quarter-wave plates, respec-
tively, 90:10 BS: 90% transmission/10% reflection beam splitter, PD: photodetec-
tor, BPD: balanced photodetector, ND: neutral density filter. The inset shows a
representative pump waveform vs. time.

pump onto the sample using an objective lens. The focused
pump and probe diameters were adjusted with lenses to be
equivalent sizes. Using 20⇥ and 10⇥ objective lenses, the 1/e2
diameters are 11 µm and 20 µm, respectively, as measured
via a scanning slit beam profiler (Thorlabs BP209-VIS). The
probe is back-reflected to a balanced photodetector (Thor-
labs PDB410A) along with the path-matched reference beam
to minimize common noise in the probe. The powers of the
reference and sample beams going into the photodetector
are adjusted to be equivalent via the half-wave plate to min-
imize noise. Samples tested in this study include two types
of a-SiO2, a plain glass microscope slide (Fisherbrand) and a
3 mm thick borosilicate glass (BK7) optical window (Thorlabs
WG10530); a 1 mm thick quartz wafer (Precision Micro Optics);
two types of Al2O3, a 300 µm thick wafer (UniversityWafer)
and a 3 mm thick window (Thorlabs WG30530); two types of
Si, a 300 µm thick wafer (UniversityWafer) and a 3 mm thick
window (Thorlabs WG80530); a 300 µm thick nitrogen-doped,
n-type 4H–silicon carbide (4H–SiC) wafer (MTI Corporation);
and a 300 µm thick polycrystalline diamond wafer (Element
Six TM200).

When using the 10⇥ objective lens, we typically use a
higher order ND filter to further reduce power going into
the pump photodetector. This is done to compensate for the
increased power needed to heat the sample to similar tem-
peratures to those achieved with the 20⇥ objective. Using a
lock-in amplifier (Zurich Instruments UHFLI) synced to the
chopper frequency, the magnitude (�V) of the probe signal
divided by the DC probe signal (V) is recorded simultaneously
with the lock-in magnitude of the pump photodetector (�P).
�P as determined by the LIA is proportional to the amplitude
of the sinusoidal component of the pump waveform. Likewise,
�V corresponds to only the sinusoidal component of the probe
waveform. LIA detection thus allows for modulation of the
pump with an arbitrary periodic waveform (square, sine, trian-
gle, etc.) and with any offset power to obtain the same relation
between the lock-in pump power and the lock-in probe mag-
nitude. The pump power is increased linearly so that a linear
relation between �V/V with pump power is obtained. The
slope of this relation, after determining the appropriate pro-
portionality constant, is used to determine thermal conductiv-
ity by comparing it to the thermal model given in Appendix B.
Alternatively, a PWA with a boxcar averager is used to record
both the pump and probe waveforms over several periods of
temperature oscillation by again syncing to the chopper fre-
quency. Using this approach, we can visualize the sample tem-
perature rise vs. time to determine the steady-state regime of
the temperature rise.

Comparing the two detection schemes, the LIA approach
allows for faster data acquisition, allows for full automation
of both data acquisition and analysis, and is independent
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
model must include the modulation frequency as an input
parameter. The PWA approach, on the other hand, extracts the
total waveform of the probe reflectivity vs. time. As such, the
square wave reflectivity waveform that results from a square
wave pump input can be deduced. Furthermore, data anal-
ysis is performed by manually choosing the time range in
which the “on” and “off” state occur, ensuring we can pick the
true steady-state temperature rise for determining thermal
conductivity.

V. SIGNAL ANALYSIS
The probe reflectivity response measured by using the

photodetector, �V/V, is proportional to the normalized
change in reflectivity, �R/R, which is related to the change in
temperature of the sample surface by the thermoreflectance
coefficient � so that

�R

R
=

 
1
R

@R

@T

!
�T = � �T. (1)

In general, � is temperature dependent. For Al, � is
1.14 ⇥ 10�4 K�1 and varies at a rate of 0.22 ⇥ 10�4/100 K21
near our probe wavelength of 786 nm. Keeping temperature
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and the modulation frequency of the pump. This can be
seen in two common examples used as calibrations in TDTR
and FDTR, silicon (Si,  ⇡ 140 W m�1 K�1) and amorphous
silicon dioxide (a-SiO2,  ⇡ 1.4 W m�1 K�1). For simplicity,
these thermal conductivities were approximated to be exactly
100⇥ different from one another. Three 1/e2 pump/probe
diameters spanning three orders of magnitude are consid-
ered: 1, 10, and 100 µm. Pump and probe sizes are equal in
all example cases. Figure 1 shows the normalized tempera-
ture rise, �T/�TSS, where �TSS = �T(t ! 1) is the steady-
state temperature rise, shown for (a) Si and (b) a-SiO2. Since
thin metal transducers are typically used in experiments, we
apply the solution both with and without an 80 nm aluminum
(Al) layer.

Strictly speaking, the temperature rise asymptotes to the
steady state temperature rise, but we can define a thresh-
old for �T/�TSS based on a desired measurement tolerance.
For example, if a ratio of 95% is used, we can select a mod-
ulation frequency that has a period longer than the 95% rise
time of the temperature rise. For Si, the 95% rise times for
a 1/e2 pump diameter of 1, 10, and 100 µm are ⇠10�7, 10�5,
and 10�3 s, respectively. Similarly, for a-SiO2, the 95% rise
times for a pump radius of 1, 10, and 100 µm are ⇠10�5, 10�3,
and 10�1 s, respectively. It is instructive to compare Si to
a-SiO2, which differ in thermal diffusivity by almost exactly
two orders of magnitude. We see that for the same pump
diameter, the rise time of a-SiO2 is two orders of magni-
tude longer than for Si. Furthermore, for both Si and a-SiO2,
increasing the pump diameter by one order of magnitude
increases the rise time by exactly two orders of magnitude.
These two correlations suggest we can use the nondimen-
sional Fourier number, Fo = ↵t/r20, 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
�T/�TSS and Fo, which holds true for any material having the
previously defined boundary conditions.

As previously mentioned, thermoreflectance experiments
generally require use of a thin metal transducer. In addition to
having significant impact on the steady-state temperature rise
itself,20 we find that it can have significant impact on the rise
time of the transient temperature rise. For example, for 80 nm
Al/Si, the rise time is lower than it is without the transducer
layer for all laser spot sizes, allowing for higher modulation
frequencies to be used to obtain a steady-state temperature
rise. Conversely, the addition of an 80 nm Al layer to a-SiO2
leads to longer 95% rise times than without the transducer
layer. However, in both cases, the degree to which the rise
time differs from the predictable case without this transducer
is entirely dependent on the pump spot size, relative mis-
match in thermal properties between the transducer layer and
the substrate, and, to a lesser extent, the thermal boundary
conductance between the transducer and the substrate. In
particular, as laser spot size decreases, the influence of the
transducer on the rise time becomes more substantial. Still,
we find that in most cases, the nondimensional relation found
in Fig. 1(c) is a useful guide to select the maximum modula-
tion frequency, given the pump radius and a rough idea of

FIG. 1. Normalized surface temperature rise (�T /�TSS) vs. time for (a) Si and (b)
a-SiO2 for CW laser surface heating with 1/e2 diameters (d0) of 1 µm, 10 µm,
and 100 µm. Solid lines indicate no transducer, while dashed lines show the case
with an 80 nm Al transducer. (c) �T /�TSS vs. Fourier number in the case of no
transducer. Thermal parameters used in the model include those for a-SiO2 (Cv
= 1.66 MJ m�3 K�1,  = 1.4 W m�1 K�1), Si (Cv = 1.60 MJ m�3 K�1,  = 140 W
m�1 K�1), and Al (Cv = 2.42 MJ m�3 K�1,  = 130 W m�1 K�1). Thermal boundary
conductance between Al and substrate was modeled to be 200 MW m�2 K�1.
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C. Measurements

Example SSTR data in the two con!gurations are shown in
Fig. 12. Speci!cally, Fig. 12(a) shows change in probe photodetector
voltage (!V=V) as a function of the pump photodetector voltage
(!P) using the LIA approach. Linear trends in the data are
observed for a wide range of thermal conductivities, from that of
a-SiO2 to that of diamond. The slope of the data are !t to the heat
di"usion equation to extract thermal conductivity, again indepen-
dently of volumetric heat capacity. Using the PWA approach is
much more simpli!ed, as just the pump and probe waveforms for a
given pump power need to be acquired. Example pump waveforms
for Al on a-SiO2 and Si are shown in Fig. 12(b). Note that a larger
pump magnitude is observed on Si as opposed to a-SiO2, due to
the increased pump power necessary to induce a steady-state tem-
perature rise of similar magnitude. This is evidenced by the probe
waveforms, shown in Fig. 12(c). Due to the low thermal conductiv-
ity of a-SiO2, a steady-state regime is not achieved until near the
end of the heating event, whereas steady-state is reached nearly
instantly in the case of Si due to its highly conductive nature.
With knowledge of the pump and probe magnitudes, Eq. (5) can
be used to extract the thermal conductivity of the two substrates.
Summarized in Fig. 12(d) are the thermal conductivities of materials
measured in the study. SSTR is capable of measuring materials with
a wide range of thermal conductivities and has been demonstrated in
the range of 1–2000Wm!1 K!1, independent of the volumetric heat
capacity. While currently SSTR has not been applied to systems with
thermal conductivities less than 1Wm!1 K!1, in principle, there is
no limitation to extending SSTR to this regime of low thermal con-
ductivity materials.

D. Summary and future directions for SSTR

In this section, we provide a brief overview of the steady-state
based thermore#ectance metrology, SSTR.59 While TDTR and

FDTR are contingent on the modulated temperature response, the
analysis in SSTR is greatly simpli!ed. At low modulation frequen-
cies, the steady-state thermore#ectance response is dominated by
the thermal conductivity, independently of the volumetric heat
capacity. Additionally, this ensures that the depth of penetration is
on the order of the spot size, larger than that of TDTR and FDTR,
but smaller than the permissible sample dimensions in bulk tech-
niques, such as laser #ash.71 Thus, power permitting, SSTR allows
for the attainment of length scales not captured by current optical
techniques, both transient and steady-state, allowing for a broader
spectrum of specimen lengths to be measured.

SSTR has shown to be an excellent method to characterize the
thermal conductivity for a variety of material systems. Yet, the
newness of the technique allows for the potential for a variety of
upgrades. For one, the technique relies on a single low modulation
frequency to extract the thermal conductivity. This is contingent on
the characterization of the calibration coe$cient, !, to be able
to relate heat #ux to a temperature rise at the sample surface.
Potentially, this can be remediated by modulating at higher fre-
quencies in an FDTR-like approach, where sensitivity to the
thermal e"usivity of the material system is gained over simply the
thermal conductivity. In this manner, ! and its requirement can be
remediated. Beyond the requirement of the calibration coe$cient,
the technique lends itself to a variety of implementations that
cannot currently be reached by traditional implementations of
TDTR or FDTR. As discussed earlier, the characteristic probing
volume associated with SSTR is governed by the 1/e2 pump/probe
radii. Thus, so long as the spot size can be tuned from the typical
several micrometers to several hundreds of micrometers in a con-
trolled manner, the associated probing volumes can be tuned as
well. As a result, systems in which interfaces are “buried” have a
larger potential for being characterized. As an example, vertical
diodes are generally fabricated with through-plane dimensions on
the order of several micrometers to several tens of micrometers, a

FIG. 12. (a) Experimental data for SSTR: Change in probe photodetector voltage (!V=V ) vs change in pump detector voltage (!P) shown for a glass slide (squares), a
BK7 glass window (open squares), a quartz wafer (triangles), a sapphire wafer (circles), a sapphire window (open circles), a silicon wafer (inverted triangles), a silicon
window (open inverted triangles), a 4H-SiC wafer (pentagons), and a diamond substrate (diamonds). Gray lines show the predicted slopes for materials having thermal
conductivities 1, 10, 100, and 1000 W m!1 K!1. (b) Pump and (c) probe waveforms for a-SiO2 and Si, used for extracting the thermal conductivity via the PWA approach.
(d) Measured vs literature thermal conductivity. Results are shown for analyses via the LIA (open circles) and PWA (open squares) approaches. Reprinted with permission
from Braun et al., Rev. Sci. Instrum. 90, 024905 (2019). Copyright 2019 AIP Publishing LLC.59
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C. Measurements

Example SSTR data in the two con!gurations are shown in
Fig. 12. Speci!cally, Fig. 12(a) shows change in probe photodetector
voltage (!V=V) as a function of the pump photodetector voltage
(!P) using the LIA approach. Linear trends in the data are
observed for a wide range of thermal conductivities, from that of
a-SiO2 to that of diamond. The slope of the data are !t to the heat
di"usion equation to extract thermal conductivity, again indepen-
dently of volumetric heat capacity. Using the PWA approach is
much more simpli!ed, as just the pump and probe waveforms for a
given pump power need to be acquired. Example pump waveforms
for Al on a-SiO2 and Si are shown in Fig. 12(b). Note that a larger
pump magnitude is observed on Si as opposed to a-SiO2, due to
the increased pump power necessary to induce a steady-state tem-
perature rise of similar magnitude. This is evidenced by the probe
waveforms, shown in Fig. 12(c). Due to the low thermal conductiv-
ity of a-SiO2, a steady-state regime is not achieved until near the
end of the heating event, whereas steady-state is reached nearly
instantly in the case of Si due to its highly conductive nature.
With knowledge of the pump and probe magnitudes, Eq. (5) can
be used to extract the thermal conductivity of the two substrates.
Summarized in Fig. 12(d) are the thermal conductivities of materials
measured in the study. SSTR is capable of measuring materials with
a wide range of thermal conductivities and has been demonstrated in
the range of 1–2000Wm!1 K!1, independent of the volumetric heat
capacity. While currently SSTR has not been applied to systems with
thermal conductivities less than 1Wm!1 K!1, in principle, there is
no limitation to extending SSTR to this regime of low thermal con-
ductivity materials.

D. Summary and future directions for SSTR

In this section, we provide a brief overview of the steady-state
based thermore#ectance metrology, SSTR.59 While TDTR and

FDTR are contingent on the modulated temperature response, the
analysis in SSTR is greatly simpli!ed. At low modulation frequen-
cies, the steady-state thermore#ectance response is dominated by
the thermal conductivity, independently of the volumetric heat
capacity. Additionally, this ensures that the depth of penetration is
on the order of the spot size, larger than that of TDTR and FDTR,
but smaller than the permissible sample dimensions in bulk tech-
niques, such as laser #ash.71 Thus, power permitting, SSTR allows
for the attainment of length scales not captured by current optical
techniques, both transient and steady-state, allowing for a broader
spectrum of specimen lengths to be measured.

SSTR has shown to be an excellent method to characterize the
thermal conductivity for a variety of material systems. Yet, the
newness of the technique allows for the potential for a variety of
upgrades. For one, the technique relies on a single low modulation
frequency to extract the thermal conductivity. This is contingent on
the characterization of the calibration coe$cient, !, to be able
to relate heat #ux to a temperature rise at the sample surface.
Potentially, this can be remediated by modulating at higher fre-
quencies in an FDTR-like approach, where sensitivity to the
thermal e"usivity of the material system is gained over simply the
thermal conductivity. In this manner, ! and its requirement can be
remediated. Beyond the requirement of the calibration coe$cient,
the technique lends itself to a variety of implementations that
cannot currently be reached by traditional implementations of
TDTR or FDTR. As discussed earlier, the characteristic probing
volume associated with SSTR is governed by the 1/e2 pump/probe
radii. Thus, so long as the spot size can be tuned from the typical
several micrometers to several hundreds of micrometers in a con-
trolled manner, the associated probing volumes can be tuned as
well. As a result, systems in which interfaces are “buried” have a
larger potential for being characterized. As an example, vertical
diodes are generally fabricated with through-plane dimensions on
the order of several micrometers to several tens of micrometers, a

FIG. 12. (a) Experimental data for SSTR: Change in probe photodetector voltage (!V=V ) vs change in pump detector voltage (!P) shown for a glass slide (squares), a
BK7 glass window (open squares), a quartz wafer (triangles), a sapphire wafer (circles), a sapphire window (open circles), a silicon wafer (inverted triangles), a silicon
window (open inverted triangles), a 4H-SiC wafer (pentagons), and a diamond substrate (diamonds). Gray lines show the predicted slopes for materials having thermal
conductivities 1, 10, 100, and 1000 W m!1 K!1. (b) Pump and (c) probe waveforms for a-SiO2 and Si, used for extracting the thermal conductivity via the PWA approach.
(d) Measured vs literature thermal conductivity. Results are shown for analyses via the LIA (open circles) and PWA (open squares) approaches. Reprinted with permission
from Braun et al., Rev. Sci. Instrum. 90, 024905 (2019). Copyright 2019 AIP Publishing LLC.59
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FIG. 5. Probe waveforms obtained using a periodic waveform analyzer, shown for (a) a-SiO2, (b) quartz, (c) Al2O3, (d) Si, (e) 4H–SiC, and (f) diamond. The difference
between the upper and lower dashed lines indicates the �V (proportional to temperature rise) used to determine thermal conductivity in each case.

A. Periodic waveform analyzer/boxcar averager

We first collect data using the PWA via a digital boxcar
averager while modulating the pump beam with a chopper at
100 Hz. Using two independent oscillators, we simultaneously
record the pump and probe waveforms over a phase space
divided into 1024 bins. The reference frequency is provided by
the chopper. The resulting waveforms, which have been con-
verted from phase space to time, are shown for the pump in
Fig. 4, while those of the probe are shown in Fig. 5. The six sam-
ples shown include (a) an a-SiO2 glass slide, (b) z-cut quartz, (c)
Al2O3, (d) Si, (e) 4H–SiC, and (f) diamond. The modulation fre-
quency was kept at 100 Hz in all cases, and a 20⇥ objective lens
was used, corresponding to 1/e2 pump/probe diameters of

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 mov-
ing 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 sam-
ples except a-SiO2, a clear steady-state temperature rise is
obtained as indicated by the near-square waveform. By com-
parison, a-SiO2 has a relatively long-lived transient temper-
ature rise but reaches our steady-state threshold by the end
of the waveform. The advantage of PWA analysis is that the
signal difference between “on” and “off” state (�V) is chosen
manually so that we can neglect the transient portions of the

FIG. 6. Measured �V /V vs. �P (/ pump power) shown
for (a) 10⇥ objective lens (pump and probe 1/e2 diame-
ters of 20 µm) and (b) 20⇥ objective lens (pump and probe
1/e2 diameters of 11 µm). Measured samples include glass
slide (squares), BK7 glass (open squares), quartz (trian-
gles), sapphire wafer (circles), sapphire window (open cir-
cles), silicon wafer (inverted triangles), silicon window (open
inverted triangles), 4H–SiC (pentagons), and diamond (dia-
monds). Gray lines show the predicted slopes for materials
having thermal conductivities 1, 10, 100, and 1000 W m�1

K�1. A different neutral density filter was used to filter pump
power detected when the objective lens changed from
10⇥ to 20⇥, so the x-axes are not comparable between
(a) and (b).
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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 crys-
tals 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 flu-
ences. 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
N3! 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, com-
mercially available from Element Six (TM200), was selected as the
target medium in order to produce regions of localized amorphiza-
tion about the projected range, which has been previously demon-
strated 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 N3! at 16.5MeV. For this calcula-
tion, 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, dis-
placement 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
and dpa associated with these implant conditions yield profiles that
are localized about the longitudinal projected range, with limited lon-
gitudinal straggle. In comparison, other materials, such as silicon, will
yield amorphous regions in response to implantation with heavy ions
but with more spatially diffuse damage profiles.24,25 The unique local-
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 lever-
ages the differences in mechanical properties between diamond and
amorphous carbon.14,26,27

II. EXPERIMENTAL

Ion implantation was carried out at Sandia National
Laboratories with a 6MV Tandem Van de Graaff accelerator. The
diamond was adhered with a conductive carbon tape onto a silicon
substrate and loaded into the implant chamber that was pumped to
1# 10"6 Torr. The diamond was subsequently exposed, at normal
incidence, to a fluence of 4# 1016 cm"2 N3!. To provide for spatial
uniformity during the implantation, the beam was rastered across
the sample surface.

Localization of damage from the N3! implantation is con-
firmed through high angle annular dark field scanning transmis-
sion electron microscopy (HAADF STEM) imaging of a cross
section of the sample produced from an FEI Titan electron micro-
scope. Figure 1(b) displays a visibly darker region beginning at a

depth of 7.03 !m from the sample surface; a higher resolution
image of the region is provided in Fig. 1(c). We note that the longi-
tudinal projected range observed from STEM is slightly larger than
that predicted through SRIM simulation, which could be attributed
to the fact that the crystalline structure and dynamic changes in
composition are not accounted for in the model.28–30 Selected area
electron diffraction is used to validate crystallinity of the region,
where diffraction is observed directly outside of the region, but

FIG. 1. (a) SRIM simulations of the ion concentration (gray) and dpa profile
(red) for N3! implanted diamond, exposed to a dose of 4# 1016 cm"2 and ion
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) dis-
plays a higher resolution image centered about the longitudinal projected range.
The dark band at the projected range is amorphous, confirmed by the lack of
diffraction in selected area diffraction measurements. The images in (b) and (c)
are included from the previous study.11 Reproduced with permission from Scott
et al., Carbon 157, 97–105 (2020). Copyright 2020 Elsevier.
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serves as a mechanism to perturb the mass defect scattering term
in well established phonon scattering models [12e14], allowing us
to build-upon the current understanding of phonon defect
interactions.

While there have been numerous investigations of ion implan-
tation effects in diamond, a limited number have reported associ-
ated measured thermal conductivities, with most focusing on
electron or neutron irradiation [15e17]. However, in the case of
neutron irradiation, thermal conductivities as low as 71Wm!1 K!1

are reported for samples implanted at a dose of 4.5" 1018 cm!2

[15]. A number of studies have investigated the role of point defects
in diamond in the form of isotopic impurities, such as 13C content in
12C diamond crystals [10,18e21]. Among these studies, the thermal
conductivity can be reduced by hundreds of Wm!1 K!1 for isotopic
impurity concentrations less than 1%, demonstrating the strong
in!uence of impurity scattering on the thermal conductivity of the
lattice. In this study, at the highest dose, we ultimately "nd the
implanted mass impurity concentration to be much lower than 1%
within the regions measured, but in combination with other forms
of residual lattice defects generated during the implantation pro-
cedure, these defects are capable of reducing the thermal conduc-
tivity by two orders of magnitude.

In short, ion implantation is a bombardment procedure inwhich
ionized atoms are accelerated into a targetmaterial. In industry, it is
a fundamental process used in the manufacture of transistors and
integrated circuits, traditionally utilized to implant semiconductors
with acceptor or donor dopants [22,23]. However, ion implantation
is also capable of producing material modi"cation in the form of
surface modi"cation or amorphous layer formation [24,25]. A
simple schematic of the process is represented in Fig. 1. Prior to
implantation, the target, in this case diamond, maintains the peri-
odicity of its lattice as a polycrystalline material. Upon bombard-
ment of the lattice, ions of C3#, N3#, or O3# are accelerated into the
lattice at an energy of 16.5MeV. At some point during the implant,
the accelerated ions will come into contact with an atom at rest,
and transfer a portion of the kinetic energy, creating what is known
as a primary knock-on atom, whichwill in turn collidewith another
atom at rest [26]. Throughout the implantation, this process will
happen repeatedly, yielding recoil cascades within the lattice,
potentially generating high degrees of damage. When the

accelerated ions no longer have suf"cient energy to move a lattice
atom from its equilibrium position, it comes to rest at its projected
range. With doses and energies high enough, an amorphous layer
will be produced at the end of range [27e29] with residual damage
remaining above this layer in the form of point defects including
vacancies, interstitials, substitutional impurities, as well as
extended defects such as vacancy clusters. In this manuscript, we
quantify the role of this residual damage in the layer above the end
of range on the thermal conductivity of ion irradiated diamond.

2. Experimental

2.1. Sample fabrication and SRIM

Polycrystalline diamond substrates (with grain sizes extending
up to 65e75% of the sample thickness) were purchased from
Element Six and laser diced into quarters, yielding dimensions of
5mm " 5mm in area and 0.3mm in thickness. Polycrystalline
substrates were selected due to their prevalence in high-power
heat-sink applications [2,30]. Samples were then implanted,
normal to the surface, at Sandia National Laboratories with either
C3#, N3#, or O3#ions at a beam energy of 16.5MeV using a 6MV
Tandem Van de Graaf accelerator. Fluences of 4" 1014, 4" 1015, and
4" 1016 cm!2 were used for each ion, yielding a total of nine
implanted samples. To ensure spatial uniformity of the implant, the
beam was rastered across the sample surface during the
implantation.

To estimate the longitudinal projected range of implantation
depth, simulations were performed with Stopping and Range of
Ions in Matter (SRIM) software. SRIM is a widely accepted Monte
Carlo simulation software capable of modeling a number of features
related to ion implantation including implant depths and concen-
trations on scales that would be prohibitively large for other
modeling techniques such as molecular dynamics, for example
[31,32]. We utilize detailed calculations with full damage cascades
to predict damage pro"les following implantation at a beam energy
of 16.5MeV for each ion. In each case, we specify the beam energy
as 16.5MeV and diamond substrate density as 3.515 g/cm3 [33]. We
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

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.

E.A. Scott et al. / Carbon 157 (2020) 97e10598
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enhanced sensitivity to parameters at larger depths, as seen in
Fig. 4(a), including the amorphous layer.

As sensitivity analysis and calculations of the thermal penetra-
tion depth indicate sensitivity to the thermal conductivity of the
amorphous layer in the low frequency limit, the !V/V SSTR mea-
surements are analyzed as the four-layer geometry described previ-
ously. The properties of the Al, damaged polycrystalline diamond
region, and pristine diamond are obtained through four-point
probe measurements and TDTR, and the thermal conductivity of
the amorphous layer is then treated as a fitting parameter within
the multi-layer heat diffusion model32 of the measured data. The
thermal conductivity of the amorphous layer is plotted as a func-
tion of effective spot size in Fig. 5(a). In contrast to the two-layer
fitting from Fig. 3, the conductivity is more consistent as a function
of effective spot size, with nominal values within error of the other
measurements and an average thermal conductivity of
1:4+ 0:4Wm!1 K!1.

To assess the result of the measurement and the ability of the
technique to measure amorphous films, the thermal conductivity of

the amorphous diamond layer is compared to that of amorphous
carbon films fabricated with controlled growth and thickness. In
particular, a series of diamond-like carbon (DLC) films were fabri-
cated through plasma enhanced chemical vapor deposition
(PECVD)34,39 upon 300 mm diameter Si (001) substrates with a
thickness range of 24–500 nm. While the films are amorphous in
structure, the designation of diamond-like specifies a higher ratio
of sp3:sp2 bonding than that typically found in PECVD grown
amorphous carbon.35–37,39–41

The thermal conductivity of the DLC films was first measured
through TDTR, using a modulation frequency of 8.8 MHz and a
10" objective, providing for an effective spot size of 9.7 !m. As in
the case of the irradiated diamond, the DLC films were coated
with an 80 nm layer of Al to serve as the transducer. Measurements
of a witness sample yielded a thermal conductivity of
123+ 8Wm!1 K!1 for the silicon substrate. For measurements of
the DLC films, the thermal conductivity of the film and the
thermal boundary conductance of the Al/DLC film interface were
treated as fitting parameters. The thermal boundary conductance

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).
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
source with frequency of 400 Hz (c) and 8.8 MHz (d) displays the difference in the heating profile of SSTR and TDTR. Both calculations apply a pump and probe radius of
10 !m; while the temperature rise of an 8.8 MHz modulated heating event is primarily contained within the 80 nm transducer, a 400 Hz periodic heating event yields a 1/e
thermal penetration depth capable of extending to the amorphous layer. The temperature profile at the center of the pump/probe radius is displayed in (e) and (f ).
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of the DLC film/substrate was treated as infinite as there was little
sensitivity to the interface. Results of the DLC measurements are
displayed in Fig. 5(b); in general, the thermal conductivity was
found to be relatively constant within the measured thickness range
with an average of 1:5+ 0:2Wm!1 K!1, which is in close compar-
ison to the thermal conductivity of the amorphous layer within the
irradiated diamond. For comparison, SSTR was also used (with
10" and 20" objectives) to measure the thermal conductivity of
the PECVD DLC films. For the two thinnest films of 24 and 60
nm, there was little sensitivity to the thermal conductivity of the
films; however, results could be obtained on thicker films
(.100 nm) and were found to be within good agreement (,12%
difference) of the TDTR measurements, as shown in Fig. 5(b).

Despite the similarity in the measured thermal conductivity of
the amorphous diamond layer and amorphous PECVD carbon
films, it is important to note that the thermal conductivity of amor-
phous carbon has been shown to be highly dependent upon film
density.35–37,40,41 This is closely linked to the type of bonding most
prevalent to the film. For example, a higher fraction of C–C sp3

bonds (as compared to H-terminated bonds) provides for enhanced
stiffness and density. For these films, the corresponding thermal
conductivity has been shown to span over an order of magnitude,
ranging from less than 1Wm!1 K!1 to nearly 10Wm!1 K!1,
depending upon the density. For reference, we plot the reported
thermal conductivities of amorphous carbon films from Arlein et al.,34

Bullen et al.,36 and Shamsa et al.35 as a function of film density
in Fig. 5(c). The density of the PECVD films in this study was
measured with Rutherford backscattering spectrometry (RBS)
analysis (1.8 g cm!3). The corresponding thermal conductivity of
1.5 Wm!1 K!1 is within the range of that from amorphous
carbon films from the literature with similar density.

We find this correlation between density and thermal conduc-
tivity to also be applicable for amorphous carbon produced
through ion irradiation of diamond. For example, in a prior report
by Fairchild et al.,13 the formation of an amorphous band was like-
wise observed in diamond following implantation with He# at
0.5 MeV. A threshold density value of 2.95 g cm!3 was determined,
below which amorphization was found to occur. Within the amor-
phous band, densities ranging from 2.95 to 2.1 g cm!3 were
observed. With an average value of 2.53 g cm!3, a thermal conduc-
tivity of 1.39Wm!1 K!1 could be interpolated from the data of
Shamsa et al.35 and 1.85Wm!1 K!1 from Bullen et al.,36 which is
within the range of the thermal conductivity of the irradiation-induced
amorphous carbon of the present study.

For insight into the density of the amorphous region in the
present study, electron energy loss spectroscopy (EELS) analysis
was performed, from which shifts in the peak of the plasmon spec-
trum were used to calculate the density from a cross section of the
sample. Specifics on the density calculations are elaborated on in
the supplementary material. Maps of the plasmon peak position
could then be used to provide visualization of the spatial density
variation, such as that shown in Fig. 6, where a density map 6(b) is
contrasted to the corresponding HAADF STEM image 6(a). From
this analysis, the density of the damaged region pre-end-of-range
was found to be approximately 3.4 g cm!3, whereas the amorphous
layer was reduced to a density ranging from 1.9 to 2.1 g cm!3. For
comparison, the thermal conductivity of the amorphous carbon
induced through ion implantation is plotted with the PECVD
amorphous carbon films in Fig. 5(c). In general, the thermal con-
ductivity is in agreement with amorphous carbon films fabricated
through PECVD, which serves to highlight the critical role of
density in dictating the thermal conductivity of carbon and also
lends credence to the measurement.

FIG. 5. (a) Measured thermal conductivity of the amorphous region (!3) of the
ion-implanted diamond sample, considering the material system as a four-layer
model. (b) Measured thermal conductivity of amorphous carbon in a thickness
series of diamond-like carbon films. (c) Thermal conductivity of amorphous
carbon as measured with TDTR and SSTR. For reference, experimental values
are included from literature as a function of density,34–36 originally compiled in a
work by Arlein et al.34 Reproduced from Arlein et al., J. Appl. Phys. 104,
033508 (2008). Copyright 2008 AIP Publishing LLC.

FIG. 6. (a) HAADF STEM image of an FIB cross section of the irradiated
diamond. (b) displays the corresponding spatially resolved density of the region
as determined from the EELS analysis.
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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 crys-
tals 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 flu-
ences. 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
N3! 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, com-
mercially available from Element Six (TM200), was selected as the
target medium in order to produce regions of localized amorphiza-
tion about the projected range, which has been previously demon-
strated 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 N3! at 16.5MeV. For this calcula-
tion, 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, dis-
placement 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
and dpa associated with these implant conditions yield profiles that
are localized about the longitudinal projected range, with limited lon-
gitudinal straggle. In comparison, other materials, such as silicon, will
yield amorphous regions in response to implantation with heavy ions
but with more spatially diffuse damage profiles.24,25 The unique local-
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 lever-
ages the differences in mechanical properties between diamond and
amorphous carbon.14,26,27

II. EXPERIMENTAL

Ion implantation was carried out at Sandia National
Laboratories with a 6MV Tandem Van de Graaff accelerator. The
diamond was adhered with a conductive carbon tape onto a silicon
substrate and loaded into the implant chamber that was pumped to
1# 10"6 Torr. The diamond was subsequently exposed, at normal
incidence, to a fluence of 4# 1016 cm"2 N3!. To provide for spatial
uniformity during the implantation, the beam was rastered across
the sample surface.

Localization of damage from the N3! implantation is con-
firmed through high angle annular dark field scanning transmis-
sion electron microscopy (HAADF STEM) imaging of a cross
section of the sample produced from an FEI Titan electron micro-
scope. Figure 1(b) displays a visibly darker region beginning at a

depth of 7.03 !m from the sample surface; a higher resolution
image of the region is provided in Fig. 1(c). We note that the longi-
tudinal projected range observed from STEM is slightly larger than
that predicted through SRIM simulation, which could be attributed
to the fact that the crystalline structure and dynamic changes in
composition are not accounted for in the model.28–30 Selected area
electron diffraction is used to validate crystallinity of the region,
where diffraction is observed directly outside of the region, but

FIG. 1. (a) SRIM simulations of the ion concentration (gray) and dpa profile
(red) for N3! implanted diamond, exposed to a dose of 4# 1016 cm"2 and ion
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) dis-
plays a higher resolution image centered about the longitudinal projected range.
The dark band at the projected range is amorphous, confirmed by the lack of
diffraction in selected area diffraction measurements. The images in (b) and (c)
are included from the previous study.11 Reproduced with permission from Scott
et al., Carbon 157, 97–105 (2020). Copyright 2020 Elsevier.
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of the DLC film/substrate was treated as infinite as there was little
sensitivity to the interface. Results of the DLC measurements are
displayed in Fig. 5(b); in general, the thermal conductivity was
found to be relatively constant within the measured thickness range
with an average of 1:5+ 0:2Wm!1 K!1, which is in close compar-
ison to the thermal conductivity of the amorphous layer within the
irradiated diamond. For comparison, SSTR was also used (with
10" and 20" objectives) to measure the thermal conductivity of
the PECVD DLC films. For the two thinnest films of 24 and 60
nm, there was little sensitivity to the thermal conductivity of the
films; however, results could be obtained on thicker films
(.100 nm) and were found to be within good agreement (,12%
difference) of the TDTR measurements, as shown in Fig. 5(b).

Despite the similarity in the measured thermal conductivity of
the amorphous diamond layer and amorphous PECVD carbon
films, it is important to note that the thermal conductivity of amor-
phous carbon has been shown to be highly dependent upon film
density.35–37,40,41 This is closely linked to the type of bonding most
prevalent to the film. For example, a higher fraction of C–C sp3

bonds (as compared to H-terminated bonds) provides for enhanced
stiffness and density. For these films, the corresponding thermal
conductivity has been shown to span over an order of magnitude,
ranging from less than 1Wm!1 K!1 to nearly 10Wm!1 K!1,
depending upon the density. For reference, we plot the reported
thermal conductivities of amorphous carbon films from Arlein et al.,34

Bullen et al.,36 and Shamsa et al.35 as a function of film density
in Fig. 5(c). The density of the PECVD films in this study was
measured with Rutherford backscattering spectrometry (RBS)
analysis (1.8 g cm!3). The corresponding thermal conductivity of
1.5 Wm!1 K!1 is within the range of that from amorphous
carbon films from the literature with similar density.

We find this correlation between density and thermal conduc-
tivity to also be applicable for amorphous carbon produced
through ion irradiation of diamond. For example, in a prior report
by Fairchild et al.,13 the formation of an amorphous band was like-
wise observed in diamond following implantation with He# at
0.5 MeV. A threshold density value of 2.95 g cm!3 was determined,
below which amorphization was found to occur. Within the amor-
phous band, densities ranging from 2.95 to 2.1 g cm!3 were
observed. With an average value of 2.53 g cm!3, a thermal conduc-
tivity of 1.39Wm!1 K!1 could be interpolated from the data of
Shamsa et al.35 and 1.85Wm!1 K!1 from Bullen et al.,36 which is
within the range of the thermal conductivity of the irradiation-induced
amorphous carbon of the present study.

For insight into the density of the amorphous region in the
present study, electron energy loss spectroscopy (EELS) analysis
was performed, from which shifts in the peak of the plasmon spec-
trum were used to calculate the density from a cross section of the
sample. Specifics on the density calculations are elaborated on in
the supplementary material. Maps of the plasmon peak position
could then be used to provide visualization of the spatial density
variation, such as that shown in Fig. 6, where a density map 6(b) is
contrasted to the corresponding HAADF STEM image 6(a). From
this analysis, the density of the damaged region pre-end-of-range
was found to be approximately 3.4 g cm!3, whereas the amorphous
layer was reduced to a density ranging from 1.9 to 2.1 g cm!3. For
comparison, the thermal conductivity of the amorphous carbon
induced through ion implantation is plotted with the PECVD
amorphous carbon films in Fig. 5(c). In general, the thermal con-
ductivity is in agreement with amorphous carbon films fabricated
through PECVD, which serves to highlight the critical role of
density in dictating the thermal conductivity of carbon and also
lends credence to the measurement.

FIG. 5. (a) Measured thermal conductivity of the amorphous region (!3) of the
ion-implanted diamond sample, considering the material system as a four-layer
model. (b) Measured thermal conductivity of amorphous carbon in a thickness
series of diamond-like carbon films. (c) Thermal conductivity of amorphous
carbon as measured with TDTR and SSTR. For reference, experimental values
are included from literature as a function of density,34–36 originally compiled in a
work by Arlein et al.34 Reproduced from Arlein et al., J. Appl. Phys. 104,
033508 (2008). Copyright 2008 AIP Publishing LLC.

FIG. 6. (a) HAADF STEM image of an FIB cross section of the irradiated
diamond. (b) displays the corresponding spatially resolved density of the region
as determined from the EELS analysis.
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sensitivity to the interface. Results of the DLC measurements are
displayed in Fig. 5(b); in general, the thermal conductivity was
found to be relatively constant within the measured thickness range
with an average of 1:5+ 0:2Wm!1 K!1, which is in close compar-
ison to the thermal conductivity of the amorphous layer within the
irradiated diamond. For comparison, SSTR was also used (with
10" and 20" objectives) to measure the thermal conductivity of
the PECVD DLC films. For the two thinnest films of 24 and 60
nm, there was little sensitivity to the thermal conductivity of the
films; however, results could be obtained on thicker films
(.100 nm) and were found to be within good agreement (,12%
difference) of the TDTR measurements, as shown in Fig. 5(b).

Despite the similarity in the measured thermal conductivity of
the amorphous diamond layer and amorphous PECVD carbon
films, it is important to note that the thermal conductivity of amor-
phous carbon has been shown to be highly dependent upon film
density.35–37,40,41 This is closely linked to the type of bonding most
prevalent to the film. For example, a higher fraction of C–C sp3

bonds (as compared to H-terminated bonds) provides for enhanced
stiffness and density. For these films, the corresponding thermal
conductivity has been shown to span over an order of magnitude,
ranging from less than 1Wm!1 K!1 to nearly 10Wm!1 K!1,
depending upon the density. For reference, we plot the reported
thermal conductivities of amorphous carbon films from Arlein et al.,34

Bullen et al.,36 and Shamsa et al.35 as a function of film density
in Fig. 5(c). The density of the PECVD films in this study was
measured with Rutherford backscattering spectrometry (RBS)
analysis (1.8 g cm!3). The corresponding thermal conductivity of
1.5 Wm!1 K!1 is within the range of that from amorphous
carbon films from the literature with similar density.

We find this correlation between density and thermal conduc-
tivity to also be applicable for amorphous carbon produced
through ion irradiation of diamond. For example, in a prior report
by Fairchild et al.,13 the formation of an amorphous band was like-
wise observed in diamond following implantation with He# at
0.5 MeV. A threshold density value of 2.95 g cm!3 was determined,
below which amorphization was found to occur. Within the amor-
phous band, densities ranging from 2.95 to 2.1 g cm!3 were
observed. With an average value of 2.53 g cm!3, a thermal conduc-
tivity of 1.39Wm!1 K!1 could be interpolated from the data of
Shamsa et al.35 and 1.85Wm!1 K!1 from Bullen et al.,36 which is
within the range of the thermal conductivity of the irradiation-induced
amorphous carbon of the present study.

For insight into the density of the amorphous region in the
present study, electron energy loss spectroscopy (EELS) analysis
was performed, from which shifts in the peak of the plasmon spec-
trum were used to calculate the density from a cross section of the
sample. Specifics on the density calculations are elaborated on in
the supplementary material. Maps of the plasmon peak position
could then be used to provide visualization of the spatial density
variation, such as that shown in Fig. 6, where a density map 6(b) is
contrasted to the corresponding HAADF STEM image 6(a). From
this analysis, the density of the damaged region pre-end-of-range
was found to be approximately 3.4 g cm!3, whereas the amorphous
layer was reduced to a density ranging from 1.9 to 2.1 g cm!3. For
comparison, the thermal conductivity of the amorphous carbon
induced through ion implantation is plotted with the PECVD
amorphous carbon films in Fig. 5(c). In general, the thermal con-
ductivity is in agreement with amorphous carbon films fabricated
through PECVD, which serves to highlight the critical role of
density in dictating the thermal conductivity of carbon and also
lends credence to the measurement.

FIG. 5. (a) Measured thermal conductivity of the amorphous region (!3) of the
ion-implanted diamond sample, considering the material system as a four-layer
model. (b) Measured thermal conductivity of amorphous carbon in a thickness
series of diamond-like carbon films. (c) Thermal conductivity of amorphous
carbon as measured with TDTR and SSTR. For reference, experimental values
are included from literature as a function of density,34–36 originally compiled in a
work by Arlein et al.34 Reproduced from Arlein et al., J. Appl. Phys. 104,
033508 (2008). Copyright 2008 AIP Publishing LLC.

FIG. 6. (a) HAADF STEM image of an FIB cross section of the irradiated
diamond. (b) displays the corresponding spatially resolved density of the region
as determined from the EELS analysis.
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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
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• In situ detection of plasma-surface excitation dynamics

4 PROPOSED WORK 26

Figure 5: Schematic illustration of the generation of active species in a plasma produced in a molecular gas and their
delivery to a negatively-biased substrate. The incident flux includes: negative ions (-), radicals (R), excited species
(*), photons (h⌫), compound molecules (CM), and fast neutrals (FN), while ‘dissipation’ mechanisms include thermal
relaxation and the liberation of surface adsorbates.

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
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
works rely on the use of an inert thermoreflectance transducer (Au), on a number of substrates with
varying thermal conductivity, to decouple various modes of energy dissipation from the plasma to
the material surface.

4.4.2 Objectives

Measure the changes in thermal conductance due to plasma processing of a material

Use TDTR as a monitor of in situ electron heating during plasma-surface interactions

Collaboration:
Scott Walton (NRL)



TDTR for plasma diagnostics

“Plasma-surface interactions in atmospheric pressure plasmas: In situ
measurements of electron heating in materials” 

Journal of Applied Physics 124, 043301 (Editor’s Pick)

Demonstrated that TDTR can answer the question: how much heat is 
delivered from plasma jet, and how does it impact ultrafast electron 

interactions?



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?

J. App. Phys. 124, 043301

response of the plasma-surface interaction on the time scale
of seconds as the power and gas supplied to the plasma jet
are turned on and off and the spatial profile of the plasma jet
interaction at the surface of the metal film. Shown in Figs. 5
and 6 are the time-dependent results of those measurements.
The measurements are analogous to the measurements in
Fig. 4(b) except that the driving voltage waveform of the
plasma jet replaces the pump laser as the primary heating
frequency. For the remainder of this paper, we report results
for 80 nm Au films deposited on quartz substrates.

Figure 5 shows the time profile using the AC jet
(36 kHz) with probing laser signal phase-locked to 36 kHz.
The signal increases strongly as the jet is turned on at t! 0 s
and remains nearly constant until the gas flow is turned off at
"27 s. Between then and "60 s, the AC power remains on.
The absence of gas flow ensures that no plasma jet is pro-
duced and so, the non-zero signal indicates an effect due to
the AC power. To understand this better, the experiments
were repeated using pulse DC rather than AC. The results in
Fig. 6 show the time profile using a plasma jet driven with a
4 ls long, 2 kV pulse running at 10 kHz. Unlike the AC
results, the signal goes to zero when the gas flow is turned
off but applied power remains on. While the reasons for this

difference are not known, we speculate AC fields drive
inductive heating in the gold film. Importantly, the measure-
ments of Figs. 5 and 6 suggest a correlation between the
plasma jet operation and changes in the surface reflectivity
produced by elevated temperatures in the film. It is important
to note that with either jet, the reflectance signals before and
after jet irradiation are identical, indicating that the plasma
does not affect the surface in ways that would change the
reflectance.

To further explore this correlation, measurements to
probe the spatial extent of this heating were performed. The

FIG. 4. TDTR measurements showing the effect of the plasma jet. (a)
TDTR signal intensity as a function of pump-probe delay time with and
without the plasma jet operating and (b) those signals after normalizing to
the peak intensity. The latter illustrates the differences in signals after
accounting for any experimental variations. (c) The peak TDTR signal with
and without plasma running as a function of lab time (real time). The solid
line is the raw data (open symbols) after smoothing. The measurements
employ an AC-driven jet and the material is 200 nm thick Au films on Si
substrates. The laser and jet spots at the surface are co-aligned.

FIG. 5. The change in thermoreflectance produced by the AC plasma jet
impacting an 80 nm Au film on a quartz substrate. Shown is the probe laser
response, phase-locked to the plasma driving frequency (36 kHz), as a func-
tion of time. When the plasma jet is turned on (“Jet on”), the gas is flowing
and power is on. Between “Gas off” (" 27 s) and “AC power off” (" 60 s),
the gas flow is turned off but power remains on. During this mode, there is
no visible plasma plume. Note that the signal does not go to zero when the
gas flow is off.

FIG. 6. The change in thermoreflectance prompted by a pulsed plasma jet
(pulse width ! 4 ls; period! 100 ls). Shown is the probe laser response,
phase-locked to the plasma driving frequency (10 kHz), as a function of
time. When the plasma jet is turned on (“Jet on”), the gas is flowing and
power is on. At "27 s (“gas off”), the gas flow is turned off but power
remains on and no plasma plume is visible. In contrast to the AC plasma jet,
the signal does go to zero when the gas flow is turned off.

043301-5 Walton et al. J. Appl. Phys. 124, 043301 (2018)

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
the plasma jet through the laser point of contact where 1 s
corresponds to approximately 2 lm. This suggests a heating
zone with a diameter of about 0.5 mm, which is about 1/3 the
inner diameter of the tube from which the jet emerges.
Figure 7(b) shows the same measurement while moving in
the opposite direction. The slight asymmetry in the signal
intensity in both figures is consistent and likely due to the
measurement geometry (e.g., the jet is incident to the surface
at an angle). Nonetheless, the data support the aforemen-
tioned correlation between the plasma jet and surface
heating.

Figure 8 compares the signal response for a jet driven
with pulsed DC at 10 kHz for 4 ls and 8 ls. An increase in
signal intensity is seen for a longer pulse duration (note that
the scale difference between the left and right ordinate is a
factor of 2), which is correlated with a relative increase in
temperature within the material. A somewhat broader distri-
bution is also seen for the longer pulse duration, suggesting
that a longer plasma exposure drives a larger thermal
response that is dissipated over a larger area.

Taken together, the results of Figs. 5–8 strongly suggest
the observed elevation in TDTR peak intensity [Fig. 4(b)]

and changes in TDTR profiles [Fig. 4(a)] are, in fact, caused
by the plasma jet interactions with the surface. The TDTR
measurements, on the other hand, can be related to the
energy of the electrons and their collision dynamics. As
such, the TDTR technique provides a method to examine
plasma-driven surface interactions that elevate the energy of
electrons within the metal.

Accordingly, we revisit the TDTR measurements shown
in Fig. 4 using plasma jets driven by both AC and pulsed
DC. Figure 9 shows the results for the AC Jet (36 kHz) gen-
erated at different applied voltage amplitudes (the values

FIG. 7. The change in thermoreflectance produced by a pulsed plasma jet
(pulse width ! 4 ls; period ! 100 ls) as a function of distance from the
plasma plume point of contact on the surface. (a) Signals acquired while
moving the plasma plume through the laser center point of contact where 1 s
corresponds to approximately 2 lm. (b) The same measurement while mov-
ing in the opposite direction. The slight asymmetry in the effective heating
region is likely due to the experimental configuration.

FIG. 8. The change in plasma-driven thermoreflectance as a function of
position for pulsed (10 kHz) jets with pulsed widths of 4 ls and 8 ls. The
left ordinate corresponds to the signal intensity of the probe laser response
when the pulse width is 4 ls, while the right corresponds to the signal inten-
sity when the pulse width is 8 ls. Note the factor of 2 difference in intensity
along with a slightly broader profile when the pulse width is 8 ls.

FIG. 9. TDTR measurements with electron energy fitting using an AC jet
(36 kHz) driven at different applied voltage amplitudes. The values for
applied voltage are peak-to-peak voltage. Also shown is the baseline case
when the jet is not operating (0 kV). The inset shows an expanded view of
the data at t! 0 (or peak intensity). The measurements indicate an increase
in the time-average electron energy (temperature) within the material is
expected when the applied voltage is increased.
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How can we diagnose temporal responses?
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• It takes on the order of ~1 µs
for charged particles to 
traverse from plasma jet to 
sample surface (Au film) in our 
experimental set up 

• How can we time resolve 
these measurements?
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Tracking surface temperature during plasma jet irradiation

Note sign 
inflection….why?

“Accommodation” from neutrals?

Surface current temporal profile 
for different DC pulse widths 3

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 film.

DISCUSSION

While thermionic emission has been theoretically devised
as a refrigeration method, with potential efficiencies on par
with Carnot cycles21, it is nearly impossible to experimentally
achieve at or near room temperature, with the exception of
limited cases in select material systems such as superlattices22

and 2-D heterostructures23. In the case of thermally-driven
electron emission, the current emitted from a metal surface
with work function f at a temperature T is given by,

J(f ,T ) = AT
2
e
�f/kBT (1)

where A=mek
2
B
/2p2

h̄
3 ⇡ 120 A cm�2 K�2 and kB is Boltz-

mann’s constant. In the case of Au, with a work function of
over 5.25 eV, this leads to an almost infinitesimally-small cur-
rent density (7⇥ 10�78 A m�2), certainly immeasurable and
impractical at finite temperatures. Given such, we certainly
would expect no cooling-effect from an atmospheric plasma
jet due to thermal excitations.

Alternatively, there are two potential effects that could be
leading to the observed cooling phenomenon. First, which
has been recently shown to lead to a temperature decrease
in high-repetition laser ablation24, would be material ejection
from the surface. It is well-known that plasma jets, including
atmospheric jets as used in this work, lead to modification of
a material surface. At large plasma fluxes (much greater than
reported in our thermoreflectance data), we do in fact see irre-
versible damage to surface of the Au film. In addition to po-
tential sublimation of the Au surface itself, adsorbate desorp-
tion could be the underlying mechanism for observed cooling;
it is well known that water will adsorb on Au surfaces even un-
der UHV conditions25. In such a case, the weak bonding of
physisorbed water to the Au surface would allow for potential
liberation of water molecules from nearly all species emanat-
ing from the plasma jet. Such a process would be an analog to
evaporative cooling.

The second potential mechanism driving the observed cool-
ing is in line with thermionic emission; the Nottingham effect,
whereby electrons undergo field emission due large values of
charge separation and is well-known to cool material surfaces
could be playing a role26. Given the plasma induces a large
flux of charged species toward the Au surface, it is possible
that when these species are in close proximity to the metal,
the potential exceeds the work function/Schottky barrier, and
electrons are removed from the gold film.

During the observed cooling, the peak differential reflectiv-
ity is measured to be DR/R ⇡ 3⇥10�5. Based on an array of
previous works19,20, the thermoreflectance coefficients of thin
Au films are of similar order, DR/DT ⇡ 2�4⇥10�5, indicat-
ing the observed cooling is on the order of approximately 1
K.

In the case of material removal for evaporative cooling, the
process of atomic desorption from the target surface must oc-
cur prior to energy deposition into the bulk of the material.
Based on the spot size and skin depth of our laser in Au, the
probed volume is ⇠150 µm3. Pairing this volume with the
volumetric heat capacity of Au, ⇠2.49 MJ m�3 K�1, a lo-
cal 1 K temperature reduction would require 0.37 nJ to be
removed from the probed volume. At room temperature, a
reasonable approximation to the average thermal energy of
each particle in a solid is simply 3kBT , or ⇠1.24⇥10�20 J.
With these values in mind, it would require 3⇥ 1010 atoms
to be removed from the probed volume. If a uniform ‘sheet’
of atoms were removed across the probed area, this number of
atoms corresponds to a single monolayer of material removed.
This is certainly reasonable, as plasma jet’s are commonly uti-
lized for removal of surface contaminants that are adsorbed at
much faster time scales than the separation time between sub-
sequent plasma pulses (tens of nanoseconds-to-microseconds
for contaminant adsorption, compared to tens-to-hundreds of
microseconds between each measured plasma pulse). We fur-
ther note that similar calculations can be performed for ph-
ysisorbed water liberated from the Au surface, which would
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2. Transient linear reflectivities

2.1. Interband transitions

For quasi-free electrons, light below the plasma
frequency is partly absorbed and partly reflected
from a metal surface but the dependence of reflectiv-
ity on electron temperature is usually weak. This

! .changes completely when interband transitions IT
are involved like, for example, d-srp excitations in
noble metals, as sketched in Fig. 3. Since the reflec-
tivity varies with electronic occupancy it is evident
that broadening of the Fermi distribution at elevated
temperatures leads to increased absorption and de-

!creased reflection for "v- ITT interband transi-
.tion threshold , and the other way around for "v)

ITT. To illustrate this, calculated changes of the
! .relative reflectivity DRrR of gold ITT s 2.47 eV

are plotted in the inset of Fig. 3 for various electron
temperatures T . These curves are based on fre-e
quency and temperature dependence of the dielectric

! .function ´ v,T which we derived from modelse
w x w xdeveloped by Jah and Warke 31 and Rustagi 32

w xwith some refinements described in Refs. 11,28,33 .
In our experiments we excite conduction electrons

with a pump pulse and monitor their relaxation by
the reflectivity change of a probe pulse with varying
delay. For the actual data analysis we use the nor-

Fig. 3. Illustration of the density of states in gold at elevated
electron temperatures. Calculated changes of relative reflectivities

! .at energies near the interband transition threshold ITT are plot-
ted in the inset for various electron temperatures.

Fig. 4. Maximum changes of probe beam reflectivity obtained in
pump-probe experiments on a 1 mm thick polycrystalline gold
sample with probe photon energies around the interband transition

! .threshold ITT . The measurements were performed with two
! . !probe beam polarizations: py p open symbols and 458y s full

.symbols . The inset shows two typical pump-probe traces for
! .458y s polarization from which data were taken. Dashed py p

! .and solid 458y s lines show the result of model calculations for
an electron temperature of 2700 K. For better comparison, the
py p data are divided by 1.8.

malized change in probe beam reflectivity, defined
as
DR R T yR 293K! . ! .es . 2.1! .
R R 293K! .
A first test of the model for the dielectric function
consisted of verifying for a well defined pump flu-
ence, i.e., a fixed electron temperature, the trend of
! .DRrR with photon energy around the interband

! .transition threshold ITT , shown in the inset of Fig.
3. To this purpose corresponding pump-probe mea-
surements were carried out on a 1 mm thick gold
sample. Maximum values of the probe beam reflec-

! .tivity change, DRrR , taken from time-depen-max
dent measurements as shown in the inset, are plotted
in Fig. 4 as a function of the photon energy of the
probe beam. Data for two polarizations of the probe
beam show the same trend, although there is some
scatter towards lower energies. The observed varia-
tion with photon energy and the sign change at the
ITT are in qualitative agreement with earlier results

w xreported in Refs. 2,17 . Here, we demonstrate that
the data in Fig. 4 can be described quantitatively by

! .the model for e v,T s2700 K , as shown by thee
dashed line for pyp polarization and the solid line
for 458y s polarization. The same quantitative
agreement between model calculations and experi-
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Abstract

New results about relaxation dynamics of optically excited electrons in metals, mostly gold and nickel films, are
presented. Emphasis is on electron temperature near the surface as well as on the range of energy transport by ballistic and
diffusive electron motion in comparison to the optical penetration depth. The experiments focus on the interval between
creation of an electron temperature and the time at which thermal equilibrium between electrons and lattice is reached.
Results were obtained by time-resolved linear and second-harmonic reflectiÕity measurements carried out in pump-probe
mode. It is shown that the two-temperature model is well suited to describe hot electron diffusion in metals and to extract
electron–phonon coupling constants from experimental data, provided corrections for ballistic electron motion are incorpo-
rated. The electron–phonon coupling constant of gold was found to be independent of film thickness down to 10 nm. For
noble metals, probe reflectivities near the interband transition were related to electron temperatures by a proper model for the
dielectric function. For transition metals such relation between reflectivity and electron temperature is more difficult. A new
pump-pump-probe technique was introduced which allows to study hot electron relaxation by probing the reflectivity in
thermal equilibrium between electrons and lattice. Also these results can be well described by the two-temperature model.
Finally, the interface sensitivity of the second harmonic was utilized to detect vibrational motion and thermal expansion of

! .ultrathin nickel films on Cu 001 . q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The response of metals to optical radiation is a
w xclassical topic treated in textbooks 1 . Fresnel for-

mulas with complex index of refraction describe
reflection, absorption, and transmission in case of
thin films. The irradiated sample is heated by the
absorbed energy density, determined by spot size and
energy deposition depth. For cw radiation the excita-
tion rate is low and the time between two local
excitations is much longer than the relaxation rate by

welectron-electron and electron–phonon collisions 2–
x4 . Consequently, electrons and lattice are in time-
averaged thermal equilibrium and heat diffusion into

deeper parts of the material takes place on a scale set
by the lattice thermal diffusivity. Regarding the ab-
sorbed energy density, there is a decisive difference
between cw and ultrashort pulse laser radiation. For
example, assuming total absorption, a 1 ps laser
pulse of 1 mJ deposits an energy density which is
106 times larger than what of a 1 W cw laser stores
per picosecond. The consequence regarding the local
density of excited electrons is dramatic. To see this,
let us estimate the number of excited electrons per
atom. In a homogeneous lattice with 5=1028
atomsrm3, total absorption of a 1 mJrps pulse with
photon energy of 2 eV distributed over 100 mm2

irradiated area and an absorption depth of 20 nm will

0301-0104r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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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 film.

DISCUSSION

While thermionic emission has been theoretically devised
as a refrigeration method, with potential efficiencies on par
with Carnot cycles21, it is nearly impossible to experimentally
achieve at or near room temperature, with the exception of
limited cases in select material systems such as superlattices22

and 2-D heterostructures23. In the case of thermally-driven
electron emission, the current emitted from a metal surface
with work function f at a temperature T is given by,

J(f ,T ) = AT
2
e
�f/kBT (1)

where A=mek
2
B
/2p2

h̄
3 ⇡ 120 A cm�2 K�2 and kB is Boltz-

mann’s constant. In the case of Au, with a work function of
over 5.25 eV, this leads to an almost infinitesimally-small cur-
rent density (7⇥ 10�78 A m�2), certainly immeasurable and
impractical at finite temperatures. Given such, we certainly
would expect no cooling-effect from an atmospheric plasma
jet due to thermal excitations.

Alternatively, there are two potential effects that could be
leading to the observed cooling phenomenon. First, which
has been recently shown to lead to a temperature decrease
in high-repetition laser ablation24, would be material ejection
from the surface. It is well-known that plasma jets, including
atmospheric jets as used in this work, lead to modification of
a material surface. At large plasma fluxes (much greater than
reported in our thermoreflectance data), we do in fact see irre-
versible damage to surface of the Au film. In addition to po-
tential sublimation of the Au surface itself, adsorbate desorp-
tion could be the underlying mechanism for observed cooling;
it is well known that water will adsorb on Au surfaces even un-
der UHV conditions25. In such a case, the weak bonding of
physisorbed water to the Au surface would allow for potential
liberation of water molecules from nearly all species emanat-
ing from the plasma jet. Such a process would be an analog to
evaporative cooling.

The second potential mechanism driving the observed cool-
ing is in line with thermionic emission; the Nottingham effect,
whereby electrons undergo field emission due large values of
charge separation and is well-known to cool material surfaces
could be playing a role26. Given the plasma induces a large
flux of charged species toward the Au surface, it is possible
that when these species are in close proximity to the metal,
the potential exceeds the work function/Schottky barrier, and
electrons are removed from the gold film.

During the observed cooling, the peak differential reflectiv-
ity is measured to be DR/R ⇡ 3⇥10�5. Based on an array of
previous works19,20, the thermoreflectance coefficients of thin
Au films are of similar order, DR/DT ⇡ 2�4⇥10�5, indicat-
ing the observed cooling is on the order of approximately 1
K.

In the case of material removal for evaporative cooling, the
process of atomic desorption from the target surface must oc-
cur prior to energy deposition into the bulk of the material.
Based on the spot size and skin depth of our laser in Au, the
probed volume is ⇠150 µm3. Pairing this volume with the
volumetric heat capacity of Au, ⇠2.49 MJ m�3 K�1, a lo-
cal 1 K temperature reduction would require 0.37 nJ to be
removed from the probed volume. At room temperature, a
reasonable approximation to the average thermal energy of
each particle in a solid is simply 3kBT , or ⇠1.24⇥10�20 J.
With these values in mind, it would require 3⇥ 1010 atoms
to be removed from the probed volume. If a uniform ‘sheet’
of atoms were removed across the probed area, this number of
atoms corresponds to a single monolayer of material removed.
This is certainly reasonable, as plasma jet’s are commonly uti-
lized for removal of surface contaminants that are adsorbed at
much faster time scales than the separation time between sub-
sequent plasma pulses (tens of nanoseconds-to-microseconds
for contaminant adsorption, compared to tens-to-hundreds of
microseconds between each measured plasma pulse). We fur-
ther note that similar calculations can be performed for ph-
ysisorbed water liberated from the Au surface, which would

Plasma cooling of surface
Plasma cooling: either mass removal or 

electron ejection from high eV photons (can 
not rule out either)

-DR = increase in temperature from energy transfer to gold

Cooling of surface from 
decrease in surface current 

or pulse turning off



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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Figure 5: Schematic illustration of the generation of active species in a plasma produced in a molecular gas and their
delivery to a negatively-biased substrate. The incident flux includes: negative ions (-), radicals (R), excited species
(*), photons (h⌫), compound molecules (CM), and fast neutrals (FN), while ‘dissipation’ mechanisms include thermal
relaxation and the liberation of surface adsorbates.

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
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
works rely on the use of an inert thermoreflectance transducer (Au), on a number of substrates with
varying thermal conductivity, to decouple various modes of energy dissipation from the plasma to
the material surface.

4.4.2 Objectives

Measure the changes in thermal conductance due to plasma processing of a material

Use TDTR as a monitor of in situ electron heating during plasma-surface interactions

after pump pulse heating as well as the phase shift induced from
the modulated temperature change at f , FDTR can utilize a variety
of pulsed or continuous wave (cw) lasers to monitor the phase
shift in thermore!ectance signals solely as a function of f . When
f becomes low enough, the material of interest will reach steady-
state conditions during periods of the modulation event. In this
regime, a third technique has recently emerged. “Steady-State
Thermore!ectance” (SSTR) operates like FDTR only in the low
frequency limit,59 monitoring the thermore!ectance of the surface
at increasing pump powers and inducing a Fourier-like response
in the material. Ulitmately, SSTR o"ers an alternative method to
measure the thermal conductivity of materials via optical
pump-probe metrologies. The characteristic pump excitations and
responses for each of these techniques are presented in Fig. 1.
We review the recent advances in SSTR in Sec. IV.

In addition to their noncontact nature, these optical metrol-
ogies are advantageous relative to many other thermometry plat-
forms in the relatively small volume and near-surface region in
which they measure. By using proper laser wavelengths to ensure
nanoscale optical penetration depths, the thermal penetration
depth (i.e., the depth beneath the surface in which these tech-
niques measure the thermal properties), !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 micro-
meters, thermore!ectance techniques allow for spatially resolved
surface measurements of thermal properties with micrometer-
resolution 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.

The change in re!ectivity of a given material is related to both
the change in temperature of the material (i.e., the thermore!ec-
tance, which is ultimately of interest for the measurements of tem-
perature changes and thermal properties) and the change in the
number density of the carriers excited by the optical perturbation.
Thus, the total photore!ectance signal change that is measured in
TDTR, FDTR, or SSTR can be expressed as the sum of these two
components,60

!R ! @R
@T

!T " @R
@N

!N , (1)

where @R=@T is the temperature re!ectance coe#cient, @R=@N is
the free-carrier re!ectance coe#cient, and !T and !N are the
changes in temperature and free carriers from the pump excitation,
respectively. In the majority of thermore!ectance measurements
reported in the literature, samples of interest are coated with a thin
metal $lm transducer, in which the change in re!ectivity is directly
related to the change in temperature. This comes with the advan-
tage that the optical penetration depth in metals is con$ned to
,20 nm over a wide range of optical wavelengths, resulting in a
“near-surface” heating event. An additional advantage of using a
metal $lm transducer is that the @R

@N !N term in Eq. (1) is much
smaller than @R

@T !T , except for when pump excitations induce inter-
band transitions and their contributions become comparable.
Even so, the contribution to !R from @R

@N !N lasts only for !1 ps
for most metals.61,62 This is unlike nonmetals where not only tem-
perature, but also conduction band carrier population can change
the re!ectivity signi$cantly for lifetimes much longer than a
picosecond.63–65 However, if the optical and thermal penetration
depths of the pump and probe beams are properly accounted for,

FIG. 1. Characteristic excitations and corresponding responses for (a) TDTR, (b) FDTR, and (c) SSTR techniques. In TDTR, the magnitude of the thermore!ectance is
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 function of frequency.
In SSTR, the steady-state induced magnitude of the thermore!ectance is monitored for given changes in heat !ux. Notice the increase in thermal penetration depth,
! thermal, in SSTR resulting from the lower modulation frequencies employed as compared to TDTR and FDTR.
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After During steam cycling, the SEM images reveal the devel-
opment of a surface region with substantially reduced YbDS. This
resulted from differential steam volatilization rates for the YbDS
and YbMS phases in the coating. Costa and Jacobsen [38] have
shown that mixtures of Yb2O3 ! Yb2SiO5 have a lower silica activity
than Yb2Si2O7 ! Yb2SiO5 mixtures. As a result, during the reaction
of water vapor with these silica rich compounds in which
SiO2 ! H2O # Si(OH)4, silica loss at 1316 "C is approximately 100-
fold higher from the YbDS compared to YbMS under equilibrium
conditions. The loss of SiO2 from the YbDS phase is accompanied by
a partially constrained #26% volume reduction [6], resulting in a
porous silica depleted YbMS reaction product layer. The combina-
tion of underlying YbDS constrained lateral shrinkage during the
reaction and the higher CTE of the reaction product results in
channel cracking and local reaction product delamination upon
cooling, reducing its subsequent utility for resisting inward

permeation of oxidizers towards the bond coat [6].
After 500 h of steam cycling, the outer YbDS surface region

shows evidence of this volatilization, resulting in the formation of a
thin (#5 mm thick) YbMS layer at the steam-exposed surface of the
coating. Not only does this result in a porous YbMS layer, the YbMS
fraction rose from#25 to#67%within 10 mmof the coating surface.
The remainder of the coating matrix was predominantly a YbDS
matrix containing a !ne distribution of YbMS particulates. The
average YbMS fraction was #20% but could vary signi!cantly from
0 to 50% from one splat to another, see Table 2.

The specimen cycled for 2000 h, Fig. 2(c), shows the presence of
a 10e15 mm thick steam volatilized region near the outer surface of
the coating. This layer was both porous and had suffered channel
cracking. Its YbMS phase fraction, as indicated by the pro!le in
Fig. 2(c), indicated the YbMS volume fraction was on average #70%
within 10 mm of the coating surface. The YbDS volume fraction in

Fig. 2. Cross-section back-scattered electron (BSE) micrographs, thermal conductivity micrographs, and normalized phase counts and depth-dependent thermal conductivity for
the (a) stabilization-annealed specimen and specimens cycled for (b) 500 and (c) 2000 h in a steam environment. In the thermal conductivity/phase pro!les, red and black lines
correspond to the darker/lighter area fractions in micrographs corresponding to the YbDS and YbMS phases, respectively, while the blue band corresponds to the range of thermal
conductivity measured as a function of depth.
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