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Low-density diamondlike amorphous carbon at nanostructured metal-diamond interfaces
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Next-generation nanoelectronic, energy, and quantum technologies require increasingly stringent thermal,
optical, mechanical, and electrical properties of component materials, often surpassing the limits of widely
used materials such as silicon. Diamond, an ultrawide bandgap semiconductor, is a promising material for
these applications because of its very high stiffness, thermal conductivity, and electron mobility. However,
incorporating diamond into devices that require high-quality metal-diamond interfaces is challenging. In this
work, we use a suite of electron microscopy measurements to reveal an ultrathin amorphous carbon layer that
emerges at metal-diamond interfaces after electron beam lithography. Using extreme ultraviolet scatterometry,
we nondestructively determine lower bounds on the layer’s Young’s modulus and thermal conductivity, which
at >230 GPa and >1.1 W/(m K) are indicative of a diamondlike form of amorphous carbon with high sp3

bonding. However, extreme ultraviolet coherent diffractive imaging reflectometry and energy-dispersive x-ray
spectroscopy measurements indicate a low and likely inhomogeneous density in the range of 1–2 g/cm3. The low
density of such a stiff and conductive layer could indicate that it contains nanometer-scale voids or atomic-scale
vacancies. The appearance of this unusual layer illustrates the nanofabrication challenges for diamond and
highlights the need for better techniques to characterize surfaces and interfaces in nanoscale devices.

DOI: 10.1103/PhysRevMaterials.8.096001

I. INTRODUCTION

Critical next-generation electronic and energy-efficient
technologies—including advanced communications, compu-
tational systems, and electric vehicles—demand higher power
devices with faster switching speeds [1]. However, the mate-
rial property requirements for these devices often surpass the
fundamental limits of widely used materials including silicon,
motivating the need for better component materials. Diamond,
an ultrawide bandgap semiconductor, is a material of great
interest for advanced radio frequency and power electronics
applications, because it exhibits higher dielectric breakdown
strength, carrier mobility, thermal conductivity, and stiffness,
beyond most other bulk materials [2–4]. Recent work has
demonstrated that diamond is a promising material for ad-
vanced field-effect transistors [5,6]. Moreover, its high optical
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transmission makes it suitable for low-loss photonic circuits
[7], while the luminescence from nitrogen-vacancy centers in
diamond can be used for precise chemical, temperature, strain,
and electromagnetic field sensors [8] as well as photon-based
quantum communication and memory devices [9–11].

Single-crystal diamond can be produced in high-quality
bulk form, but poses many nanofabrication challenges, lim-
iting its integration into devices. Many nanoelectronic and
quantum applications require that structures are fabricated
either on or into diamond [12], that the doping and ter-
mination of diamond is precisely controlled [1,2], and that
nitrogen-vacancy centers are induced through ion implanta-
tion. However, due to diamond’s hardness and resistance to
many chemical etchants, it is challenging to polish, structure,
or locally dope. At the same time, diamond is not immune
to surface damage and contamination [12,13]; for example,
the ion implantation process for the creation of nitrogen-
vacancy centers is known to produce a graphitic layer on
diamond. While this layer can be removed with an acid clean-
ing of exposed diamond surfaces [14–16], such treatments
can be difficult to incorporate into fabrication procedures
for multilayers, heterostructures, or metallic contacts that are
required for nanoelectronics and resonators [17]. Moreover,
high-quality interfaces are essential to leveraging diamond’s
advantageous properties, e.g., minimizing interfacial thermal
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resistance is essential for diamond to act as an effective heat
sink [18]. Therefore, it is critical to understand and mitigate
the amorphization of surfaces and interfaces for the effective
application of diamond in nanoscale devices.

Amorphous carbon exhibits a wide range of material
properties due to the variety of nanoscale topologies and
chemical bonds that it can adopt [19–21]. Over the last three
decades, the discovery and characterization of different forms
of amorphous carbon has been the subject of extensive ef-
forts. Densities have been measured using electron energy loss
spectroscopy [22–27], x-ray reflectivity [21,27,28], Ruther-
ford backscattering [22,23,29], and by measuring implanted
dopant density using secondary ion mass spectrometry [29].
Elastic properties have been measured using ultrasonic sur-
face waves [30,31], surface Brillouin scattering [32,33], and
nanoindentation [21]. Finally, the thermal conductivity has
been measured using laser pump-probe techniques [34] and
the 3ω method [35,36]. Many of these techniques have spatial
resolutions of >100 µm, making them unsuitable for studying
properties on or around individual nanostructures. Some also
risk damaging the sample due to high-energy electrons or
charging effects, or require destructive sample preparation
or milling. Moreover, it is challenging to extract the elastic
properties of ultrathin films with thicknesses �100 nm, or
of films around nanostructures, using standard ultrasonic and
nanoindentation techniques, although surface Brillouin scat-
tering has characterized carbon films on the 10 nm scale [37].

In this study, we use electron beam lithography to fabricate
nanoscale one-dimensional (1D) nickel gratings on a single-
crystal diamond substrate. Initial measurements of this sample
using extreme ultraviolet probes led us to suspect fabrication-
induced materials modification. To investigate this, we used
cross-sectional scanning transmission electron microscopy,
electron energy loss spectroscopy, and energy-dispersive x-
ray spectroscopy and detected an amorphous carbon layer that
is ∼5 nm thick underneath the nickel structures and ∼20 nm
thick between the nickel structures. This layer is not present
on the diamond substrate before fabrication and appears
across multiple fabrications with modified recipes. Its pres-
ence complicates heat exchange across the metal-diamond
interface, and illustrates the challenge of incorporating dia-
mond into established device-relevant fabrication procedures.

To characterize the material properties of the amorphous
carbon layer and investigate its potential impact on the func-
tionality of diamond-based nanoelectronics, we use extreme
ultraviolet (EUV) coherent diffractive imaging reflectometry
and energy-dispersive x-ray spectroscopy (EDS) to measure
the density, and dynamic EUV scatterometry to measure the
Young’s modulus and thermal conductivity [38–40]. Coherent
EUV light is an ultrasensitive, nondestructive probe of the
properties of nanoscale layers and structures. EUV imaging
reflectometry has compositional specificity and can perform
quantitative, nondestructive measurement of thin layers and
nanostructures at high spatial resolution [39,40]. Dynamic
EUV scatterometry is insensitive to valence electron dynam-
ics, making it well suited for the investigation of thermal and
mechanical behaviors on length scales far below the visible
diffraction limit, and on subpicosecond timescales [41–43].

The EUV imaging reflectometry and EDS techniques
measure an amorphous carbon density of 1.0 ± 0.3 g/cm3

and 1.8 g/cm3, respectively. The different values obtained
by these local measurements suggest that the amorphous
layer exhibits heterogeneous properties. A further wide-area
characterization of density using x-ray reflectivity (XRR) es-
timates a density of ∼1.8 g/cm3. Despite the relatively low
density, the EUV scatterometry dataset is only consistent with
an amorphous carbon Young’s modulus >230 GPa and ther-
mal conductivity >1.1 W/(m K), values more characteristic
of a higher-density diamondlike form of amorphous carbon.
The thin amorphous carbon layer may therefore contain ir-
regular nanometer- or subnanometer-scale voids or vacancies,
or be affected by the properties of the diamond underneath.
The repeated observation of this amorphous carbon layer in
multiple electron-beam lithography processes involving metal
deposition and liftoff foreshadows the challenges of incor-
porating single-crystal diamond into complex device-relevant
fabrication recipes, where interfacial defects between the dia-
mond and active layer can bottleneck heat evacuation.

II. AMORPHOUS CARBON LAYER ORIGIN
AND CHARACTERIZATION

The amorphous carbon layer appears both underneath and
between 1D nickel gratings of varying linewidth (L) and
period (P), which are fabricated using a standard electron-
beam lithography process. The diamond substrates are first
cleaned in a boiling mixture of sulfuric and nitric acids to
ensure minimal contamination is present before the process
begins, which was verified by the XRR measurements in
Supplemental Material (SM) Sec. I [44]. A 50-nm spin-coated
layer of polymethyl methacrylate (PMMA) serves as the pos-
itive resist, and a 15-nm evaporated aluminum layer mitigates
charging effects from the electron beam. Two variants of the
process use different electron energies (30 vs 100 keV) and
metal deposition techniques (thermal vs electron-beam evap-
oration), but result in a similar amorphous carbon layer. After
exposure, removal of the aluminum layer and development of
the PMMA, an ∼12-nm nickel layer is deposited between and
on top of the remaining PMMA. A liftoff step removes the
remaining PMMA, transferring the lithographic pattern to the
nickel. SM Sec. I contains additional details on the diamond
substrates and step-by-step fabrication recipes [44].

Initial measurements of this sample using EUV probes
suggested fabrication-induced materials modification. The
presence of an amorphous layer was then detected using
scanning transmission electron microscopy. As illustrated in
Fig. 1(b), the amorphous carbon (dark red) is thicker between
the nickel structures than underneath, corresponding to a mod-
ulation in the height of the diamond substrate itself. This
suggests that the nickel structures played a role in the amor-
phous carbon layer’s formation. However, as discussed in SM
Sec. I, individual fabrication steps, in isolation, are likely
insufficient to produce the amorphous layer, suggesting that
it arose from a combination of factors, and complicating the
development of an alternative recipe [44]. Figure 1(a) shows a
high-resolution image of the amorphous layer, obtained using
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), which requires the prepara-
tion, via focused ion beam milling, of a thin lamella, in
this case from the area of the sample covered by the nickel
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FIG. 1. Amorphous carbon layer that forms on diamond after electron-beam lithography. (a) HAADF-STEM image of the amorphous
carbon layer between a nickel structure and the diamond substrate, illustrating a lack of crystallinity. (b) Schematic of the 1D nickel grating of
linewidth (L), period (P), and height (H, ∼12 nm), with labeled approximate amorphous carbon dimensions. (c) EELS characterization of the
amorphous carbon layer. Spectra 2 and 3 show variation within the amorphous carbon layer in the cross-plane direction, while spectrum 4 is
averaged across the smooth interface between the amorphous carbon and diamond. Spectrum 5 is taken in the crystalline diamond substrate.
Spectra 1 and 6 are references of amorphous carbon and diamond, respectively [45,46]. The peak at 284.5 eV indicates the π* bonding
characteristic of sp2 hybridization.

grating of linewidth L = 50 nm and period P = 200 nm.
The crystallinity of the diamond substrate is evident. Because
the HAADF imaging only records inelastically scattered elec-
trons, the relative darkness of the amorphous carbon indicates
a lower density than diamond. A second lamella, extracted
a millimeter-scale distance from the first, exhibits a similar
amorphous layer between two nickel structures in the larger
L = 6 µm, P = 8 µm grating geometry. Electron energy
loss spectroscopy (EELS) spectra obtained at this location
and shown in Fig. 1(c) provide evidence that the amorphous
carbon originated from the diamond substrate and contains
a mixture of sp2 and sp3 bonding. No oxygen was detected
inside the amorphous carbon layer, indicating that it is not a
cross-linked or polymerlike product of the PMMA resist. The
EELS spectra were processed using HYPERSPY [47] and are
shown as a function of sample depth. Inside the amorphous
region, the spectra exhibit clear signatures of π∗ bonding at
284.5 eV, sp2 hybridization, and resemble literature measure-
ments of a variety of amorphous carbons [20,27,45,48]. The
π∗ bonding exhibits a gradient across the amorphous layer, as
illustrated by the differences between spectra 2–4, indicating
that the sp2 fraction decreases with film depth before disap-
pearing across a smooth several-nanometer interface with the
crystalline diamond [20].

The EDS measurements shown in Fig. 2 provide localized
information on elemental composition and measure a low
amorphous carbon density ranging from approximately 1.7
to 2.0 g/cm3 across several measurements from two sample
locations, with an average of 1.8 g/cm3. Figure 2(b) displays
the integrated intensity of the carbon peak across the blue
and red boxes in Fig. 2(a), representing the bulk diamond
and amorphous carbon layer, respectively. Notably, the carbon
peak intensity drops by approximately 50% as one transitions
from the bulk diamond region to the amorphous layer. The

focused ion beam (FIB)-prepared transmission electron mi-
croscopy (TEM) sample maintains a uniform thickness across
these regions, allowing for a direct correlation between the
reduction in the intensity of the carbon peak and the low
density of the amorphous layer. Assuming the amorphous
layer comprises solely carbon, as confirmed by both EDS
and EELS, the amorphous layer density can be deduced from
the carbon peak ratio (details in SM Sec. II [44]). In this
calculation, a diamond density of 3.5 g/cm3 is employed,
and instead of peak intensity, the area under the peak was
integrated from Gaussian fitting and utilized for enhanced
accuracy. The EDS image also includes aluminum and plat-
inum layers, which are deposited to facilitate the TEM sample
preparation. The oxygen present at the sample surface is likely
due to the oxidation of the aluminum overlayer and nickel
structure boundary. However, the oxide layer also extends
underneath the nickel structure, where it is ∼3 nm thick.
Since the nickel was deposited under vacuum, this suggests
that some oxygen was present on the sample surface at that
time, perhaps from residual PMMA or the natural oxygen
termination of the diamond substrate.

To confirm that the amorphous carbon layer extends
beyond the immediate vicinity of the nickel structures, which
cover only a small fraction of the sample surface, we perform
XRR measurements, as shown in Fig. 1 of the SM [44]. Be-
cause the x-ray beam averages over a millimeter-scale area at
grazing angles, the interference fringes in the post-fabrication
measurement indicate that the amorphous layer does likely
extend over a wide area. The XRR data can be fit by a model
consisting of a uniform ∼12-nm carbon layer of ∼1.8 g/cm3

density on a diamond substrate (details in SM Sec. I [44]). For
comparison, an XRR measurement of a diamond substrate
prior to fabrication shows no trace of the amorphous carbon
layer, confirming that it forms during the fabrication process.
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FIG. 2. Energy-dispersive x-ray spectroscopy measurements and density characterization. (a) EDS image showing elemental composition
of a single nickel nanostructure and the area underneath. The amorphous carbon exhibits fewer carbon counts than the crystalline diamond,
and is thinner beneath the nickel structures. (b) EDS characterization of the amorphous carbon density. The integrated intensity of the carbon
peak in the amorphous layer (red) is approximately 50% of the crystalline diamond substrate (blue), indicating an amorphous carbon density
of 1.8 g/cm3.

III. EUV COHERENT DIFFRACTIVE IMAGING
REFLECTOMETRY FOR MEASUREMENT

OF AMORPHOUS CARBON DENSITY

EUV coherent diffractive imaging reflectometry is a
technique that combines computational coherent diffractive
imaging with reflectometry to measure the geometry and com-
position of nanostructures in a spatially resolved way [39,40].
A similar technique, EUV reflectometry, measures specular
reflectivity as a function of incidence angle, and it has pre-
viously been used to study amorphous carbon [49]. Coherent
diffractive imaging reflectometry differs in that it can operate
on and around nonperiodic structures, and also gain informa-
tion from the phase-upon-reflection of the reflected EUV light,
in addition to the reflected intensity.

In order to determine the density of the surface amorphous
carbon layer, the corner of a single nickel structure in a grating
with linewidth L = 6 µm and period P = 8 µm was compu-
tationally imaged using coherent EUV ptychography [50–53]
at incidence angles between 19° and 29° from grazing. The
data collection for a single image involved recording coher-
ent diffraction patterns from the sample at overlapping beam
positions using an EUV beam of 29.4-nm wavelength, which
is produced via high harmonic generation and focused to a
few-micron spot on the sample. This process was repeated
at each of the incidence angles. A more detailed description
of the experimental setup and procedure can be found in
Refs. [39,40] and SM Sec. IV [44].

The stack of diffraction patterns at each angle was fed
into a ptychography algorithm to form real-space images of
the sample. The images quantitatively map the complex (i.e.,
phase and amplitude) reflectivity across the field of view.
The phase images that were used in the analysis are shown
in Fig. 3(a). These images were then registered onto each
other, and a set of pixels was selected, as indicated in the 19◦
image in Fig. 3(a), to measure the average phase step between
regions on and off the nickel structures at each incidence

angle. The resultant phase step curve is shown as the black
data points in Fig. 3(b), with small error bars as indicated.

Extraction of the amorphous carbon density from the phase
step vs incidence angle curve is an inverse problem; thus, we
fit a sample model whose theoretically calculated phase step
curve matches the experimental measurement. The theoretical
calculation of the phase step curve was achieved by modeling
the depth-dependent composition of the sample using the pa-
rameters in Table I of the SM, for regions on and off the nickel
structure, using the Parratt formalism [44,54] to calculate the
complex reflectivity in the two regions. The Parratt formalism
is an appropriate method to use for the prediction of complex
reflectivity when the object is composed of multiple layers as
it properly accounts for the presence of multiple interfaces.
The optimization of the model was performed using a genetic
algorithm [55,56]. Once a model that fits the experimental
data was found, confidence intervals on the fitted parameters
were calculated using the diagonal elements of the covariance
matrix [39,40,57].

Two sample parameters were floated when fitting a sam-
ple model with the genetic algorithm: the amorphous carbon
density and the nickel structure height. The structure height
was floated only within the confidence interval of atomic force
microscopy measurements described in SM Sec. III [44]. In
addition to the sample parameters, experimental parameters,
including the deposition rate of hydrocarbon contamination
in the two regions due to the high-energy EUV photons and
slight offsets in the incidence angle and the wavelength were
also floated. The amorphous carbon density was solved to
be 1.0 ± 0.3 g/cm3 (see SM Sec. IV for details on error
analysis and uncertainty [44]). The different EUV imaging
reflectometry, EDS, and XRR density measurements could
indicate that localized areas of exceptionally low density,
such as that measured by the EUV imaging reflectometry,
contribute to a low average density of the amorphous carbon.
In the following sections we show that regardless of the exact
average density value, the amorphous carbon layer exhibits
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FIG. 3. EUV imaging reflectometry to measure the density of the surface amorphous carbon layer. (a) Eleven ptychographic reconstructions
of a nickel nanostructure on the sample, shown in phase-upon-reflection. The black and white rectangles in the 19◦ image show the pixels that
were selected from regions on and off the nickel structure, respectively, when calculating the phase step. The change in contrast between
the nickel structure and substrate across the 11 images is due to the changing complex reflectivity of EUV light as a function of incidence
angle (the signal of interest in this technique), as well as a slight hydrocarbon contamination build up over the course of the data collection.
(b) Black data points (including error bars) show the phase step between regions on and off the nickel structure as a function of incidence angle
from grazing. The dotted lines show the fitted theoretical phase curves for different densities of the amorphous carbon layer, between 0.7 and
3.5 g/cm3 in 0.1-g/cm3 increments. The solid line shows the best fit curve at a density of 1.0 g/cm3.

elastic and thermal properties characteristic of a diamondlike
material.

IV. DYNAMIC EUV SCATTEROMETRY: ACOUSTICS
ANALYSIS FOR MEASUREMENT OF YOUNG’S

MODULUS AND STRAIN COEFFICIENT

To investigate the thermal and elastic properties of the
amorphous carbon layer, we use an EUV scatterometry exper-
iment to monitor sample surface displacement as a function
of time delay after its excitation by infrared pulses from a
4 kHz, ∼25 fs Ti:sapphire amplifier (KMLabs). The initial
excitation is primarily confined to the nickel grating due to the
bandgap of the diamond substrate, but fully dissipates into the
substrate during the 250 s pulse interval. At some time delay
relative to the infrared pump, a coherent EUV probe pulse
upconverted from the infrared via high harmonic generation
diffracts from the perturbed nickel grating and onto a CCD
camera. Summing the difference between the perturbed and
static EUV diffraction patterns across the camera frame at
a series of pump-probe time delays yields the experimental
signal shown in Fig. 4. The 40–50-eV EUV photons are
insensitive to the valence electron dynamics that dominate vis-
ible transient reflectivity signals and instead mainly monitor
sample surface displacement due to thermal expansion and
acoustic oscillations [41]. Further details on the present dy-
namic EUV scatterometry experiment appear in Refs. [38,43]
where it was used to characterize the properties of ultrathin
films and nanoscale heat flow.

As shown in Fig. 4, the experimental signal resolves a
longitudinal acoustic wave (LAW) propagating in the nickel
grating on the picosecond timescale (blue) and a surface
acoustic wave (SAW) propagating along the substrate sur-
face on the nanosecond timescale (black). These hypersonic
acoustic waves result from the impulsive excitation of the
nickel grating by an ultrafast pulse and have wavelengths
set by the grating height and period, respectively. The pen-

etration depth of the SAW energy into the carbon layer and
diamond substrate is determined by its wavelength, provid-
ing depth sensitivity controlled by the grating period. For
SAWs of long wavelength (λSAW) launched by large period
laser-excited gratings, the acoustic energy penetrates deep into
the sample (∼λSAW/π ) and is predominantly sensitive to the
substrate density and elastic properties. For short-wavelength
SAWs launched by small period gratings, the acoustic en-
ergy is more confined in the amorphous carbon layer and is
predominantly sensitive to its elastic properties. In addition
to the acoustic oscillations, a thermal decay (red) appears in
Fig. 4, corresponding to the gradual relaxation of the nickel
structures to their nominal heights via the release of incoher-
ent thermal phonons into the substrate below, as analyzed in
Sec. V.

In Fig. 5(a), we plot the experimentally measured SAW
dispersion, shown by the magenta squares and correspond-
ing error bars. The SAW velocity is the measured frequency
(extracted via a chirp Z transform [42]) multiplied by the
grating period, i.e., SAW wavelength. To predict the SAW
dispersion, we constructed a finite element model of one
unit cell of the grating-substrate stack using the commer-
cial software COMSOL [58] (details in SM Sec. V [44]). We
utilize an eigenfrequency calculation paired with the SAW-
likeness metric and spectral decomposition approach used in
Refs. [59,60] to predict the SAW frequency as a function of
the grating period. If we include only a diamond substrate
beneath the nickel structures, using literature values for ma-
terial properties and nanostructure dimensions measured by
atomic force microscopy, we predict the gray dots shown in
Fig. 5(a). We find that this curve agrees well for large SAW
penetration depths, indicating a primary sensitivity to only the
diamond substrate for micron-scale SAW wavelengths. How-
ever, for the smallest SAW wavelength (λSAW = 200 nm), the
measured velocity deviates significantly from the diamond
substrate calculation due to the presence of the amorphous
carbon layer.
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FIG. 4. Dynamic EUV scatterometry data for acoustic and thermal analysis. After an ∼25-fs infrared pump laser excites the nickel grating,
diffraction by a time-delayed EUV probe pulse reveals dynamics on multiple timescales, including longitudinal acoustic waves propagating
in the nickel grating (blue), surface acoustic waves propagating in the substrate (black), and heat flowing from the nickel structures into the
substrate (red shading). The inset also shows a finite element simulation (gray) of the short-timescale dynamics for a Ni-diamond interface
without amorphous carbon, which does not exhibit acoustic oscillations. All data and simulations are for an L = 6 µm, P = 8 µm nickel
grating. The schematics on the right show snapshots from finite element simulations of the deformation or temperature for the acoustic waves
and thermal relaxation, respectively, at the indicated timescales.

By adding the more compliant amorphous carbon and
oxide layers observed in the HAADF-STEM and EDS mea-
surements to the finite element model, we fit the data, which
allows us to extract the elastic properties of the amorphous
carbon. Within the finite element model, we set the amorphous
carbon layer density to the value measured by EUV imaging
reflectometry or EDS. We vary the amorphous carbon Young’s
modulus until the simulations reproduce the experimentally
measured SAW frequency for the smallest grating periodic-
ity. With the extracted value of Young’s modulus, we can
compute the predicted SAW velocity across all grating sizes.

An example of a fitted SAW dispersion for an amorphous
carbon density of 1.0 g/cm3 is shown by the green triangles
in Fig. 5(a) and agrees well with the measured SAW dis-
persion. Details on the experimental analysis, model, input
parameters, validations, and our error bar calculations via
stochastic modeling methods are found in SM Secs. V and
VI [44]. We cannot independently extract both the Young’s
modulus and the Poisson’s ratio with only a single acoustic
wave velocity. However, previous studies indicate that amor-
phous carbon typically has a Poisson’s ratio within a specific
range. Diamondlike tetrahedral carbon with predominantly

FIG. 5. Amorphous carbon layer elastic properties. (a) Experimentally measured SAW velocity as a function of the penetration depth set
by the nickel grating period (magenta squares). The gray dots show finite element predictions for a purely diamond substrate, while the green
triangles show an example finite element fit for a 1.0 g/cm3 structured amorphous carbon layer on a nominal diamond substrate. The green
solid and gray dashed lines are guides to the eye. (b) The region of fitted elastic properties, i.e., Young’s modulus and Poisson’s ratio, for the
amorphous carbon layer for the two densities measured by EUV imaging reflectometry (green) and EDS (yellow), in comparison to literature
values for graphite [62], diamond [63], and PMMA. Because the Poisson’s ratio is unknown, the extracted value of the Young’s modulus is
shown as a function of an assumed Poisson’s ratio which has been randomly sampled. The shaded regions indicate the Young’s modulus 95%
confidence bounds.
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sp3 bonding can have a Poisson’s ratio as low as 0.12, while
hydrogenated amorphous carbon can have a Poisson’s ratio
around 0.39 [32,33,61]. In Fig. 5(b), we plot the range of
possible Young’s moduli as a function of the assumed Pois-
son’s ratio which was randomly sampled for a density of
both 1.0 and 1.8 g/cm3. For the lower density extracted by
EUV imaging reflectometry, we find that Young’s modulus
is in the range 230–550 GPa; while for the higher density
extracted by EDS, we find a Young’s modulus range of
280–730 GPa. Thus, the amorphous carbon is impressively
stiff, with a Young’s modulus >230 GPa, especially consid-
ering its low density.

The strong oscillations of the LAWs propagating within the
gratings provide further evidence of the extensive amorphous
carbon layer, as illustrated in the Fig. 4 inset. Using a finite
element model of the L = 6 µm, P = 8 µm nickel grating
incorporating a pristine Ni-diamond interface without any
amorphous carbon, we calculate the time-dependent surface
deformation on sub-100-ps timescales and model the corre-
sponding EUV diffraction signal, which we compare to the
experimental data. Interestingly, we find that this simulation
(gray curve) cannot reproduce the experimental data (blue
curve), even when incorporating an NiO layer with nominal
properties. The similar acoustic impedances between the Ni,
NiO, and diamond causes the LAW energy to rapidly escape
and strong oscillations are not observed in the simulation.
However, the strong oscillations clearly present in the experi-
ment are identical for all measured grating geometries (details
in SM Sec. V [44]). These results indicate that the interface
between Ni and diamond has been significantly modified such
that the acoustic impedance is quite poor across the entire
sample.

V. DYNAMIC EUV SCATTEROMETRY:
THERMAL ANALYSIS

The thermal decay in the EUV scatterometry data can be
analyzed using the finite element model introduced in Sec. IV
to determine a lower bound on the thermal conductivity of the
amorphous carbon layer. By solving the heat equation coupled
to the linear elastic equation in the time domain within the
full sample geometry, we calculate the phonon temperature
evolution and thermal expansion over the 1.5 ns following
the infrared pump excitation. Neglecting ultrafast electron dy-
namics, the simulation begins with the injection of a spatially
uniform energy density into the nickel structure of the form
Q(t ) = Q0e−t/τep , where τep = 450 fs is the approximate equi-
libration timescale for the electron and phonon temperatures
in nickel after excitation by an ultrafast laser [64]. Because of
the large size of the nickel grating considered here (L = 6 µm,
P = 8 µm) relative to the thermal phonon mean free paths in
diamond, nanoscale thermal transport effects need not be con-
sidered [65]. A Fresnel diffraction simulation translates the
simulated thermal expansion into an EUV diffraction pattern,
which can be compared directly to the experimental signal
(details in SM Sec. V [44]). At visible laser wavelengths,
the variable optical properties of amorphous carbon compli-
cate interpretation of the diffraction signal and would also
influence the performance of diamond-based quantum sensing
devices [66]. However, because the thermal expansion of the

nickel structures dominates the EUV diffraction signal, the
present analysis is only minimally sensitive to uncertainties
in the exact amorphous carbon optical properties [41].

Due to diamond’s very high thermal conductivity, heat
will spread quickly once it reaches the substrate. However,
interfacial thermal resistance is often the main constraint on
heat evacuation in semiconducting devices. The oxide and
amorphous carbon layers shown in Fig. 1, along with the in-
terfaces between layers, present a modified thermal boundary
resistance (TBR) between the heated nickel structures and the
diamond substrate. This TBR is the ratio of the temperature
drop between the nickel and diamond and heat flux leaving
the nickel, and bottlenecks the thermal relaxation of the nickel
structures [67]. The total TBR between the nickel and dia-
mond can be expressed as a sum in a series of individual
resistances, R = RNiO + Ra-C + RInt, where RNiO and Ra-C are
the resistances associated with the oxide and amorphous car-
bon layers, respectively, and are functions of their thicknesses
and thermal conductivities, κNiO and κa-C. The final term, RInt,
accounts for interfacial TBR between the various layers. By
fixing values for all variables except κa-C in the finite element
model described above, we can in principle determine the
value of κa-C that best matches the experimental data. The
amorphous carbon and oxide thicknesses can be extracted
from the electron microscopy data, while κNiO is set to its bulk
value of 35 W/(m K) (details in SM Sec. III [44]). The amor-
phous carbon density does not significantly impact the results,
which are similar if it is set to 1.0 or 1.8 g/cm3. However,
the interfacial TBR represented by RInt is highly dependent on
the fabrication process and in the present experiment its value
cannot be measured independently of κa-C [18].

Instead, by setting RInt to a physical lower bound, it is
possible to determine a lower bound on κa-C. The minimum
physical TBR at a material interface is determined by assum-
ing that the internal energy fluxes are perfectly transmitted
across the interface [68]. For an isotropic, near-equilibrium
crystalline material, assuming phonon-dominated interface
conductance and Debye phonon dispersion relations, this limit
is set by phonon flux incident on an arbitrary crystallographic
plane and can be expressed as [69]

RInt �

⎡
⎣1

4

∑
j

∫ ωmax
j

0
h̄ωv jD j (ω)

∂ f0(ω, T )

∂T
dω

⎤
⎦

−1

� 4

cV vg
,

(1)

where ωmax
j and v j are the Debye frequency and group ve-

locity for phonons with polarization j, vg is the average
phonon group velocity, f0(ω, T ) is the Bose-Einstein distri-
bution function, Dj (ω) is the density of states, and cV is the
volumetric heat capacity. Since the materials on either side
of an interface have different internal energy fluxes, the less
conductive material determines the minimum physical TBR
for a particular material pair [69]. We therefore insert nickel
material properties on the right-hand side of Eq. (1), resulting
in the bound RInt � 0.3 nK m2/W.

Accordingly, a lower limit on the amorphous carbon ther-
mal conductivity can be calculated as κa-C � 1.1 W/(m K).
This is accomplished by varying sensitive parameters in the
finite element and diffraction simulations, such as nickel

096001-7



BRENDAN MCBENNETT et al. PHYSICAL REVIEW MATERIALS 8, 096001 (2024)

structure height and amorphous carbon thickness, within their
uncertainties to achieve the minimum κa-C fit (details in SM
Sec. VI [44]). We stress that this value is a bound rather than
an estimation of the actual amorphous carbon thermal con-
ductivity, since experimentally measured interfacial TBRs are
generally much higher than the lower bound given by Eq. (1).
If we instead set RInt = 3.3 nK m2/W based on recent mea-
surements of nickel-diamond interfaces [70], the fitted value
of κa-C rises to 2.8 W/(m K). Moreover, the 35 W/(m K) used
for κNiO may be an overestimate, since the oxygen underneath
the nickel structures in the EDS measurement may also in-
dicate the presence of leftover PMMA. However, a reduction
in κNiO in the model will only increase the lower bound on
κa-C. We note that an amorphous carbon thermal conductivity
above ∼1 W/(m K) excludes a large class of hydrogenated
and polymerlike carbon materials, which generally have far
lower thermal conductivities [35,36], and Young’s moduli, as
discussed above.

VI. DISCUSSION

The various manifestations of amorphous carbon are often
classified according to their sp3 bonding ratio and hydro-
genation, where high sp3 ratios and low hydrogen contents
correspond to tetrahedral amorphous carbons, with higher
density, thermal conductivity, and stiffness relative to sp2-
dominated (graphitic) and hydrogenated forms of amorphous
carbon [21]. Within this framework, the present amorphous
carbon film is anomalous. A density of 1.8 g/cm3 is character-
istic of a graphitic or hydrogenated material, while a density
of 1.0 g/cm3 corresponds to a polymerlike material. However,
a thermal conductivity above 1.1 W/(m K) and Young’s mod-
ulus above 230 GPa suggest the higher sp3 bonding and low
hydrogen content typical of tetrahedral amorphous carbon.
Figure 6 compares the thermal conductivities and Young’s
moduli predicted and observed for various amorphous car-
bons as a function of density. As shown in Fig. 6(a), the
low thermal conductivities of bulk forms of hydrogenated
and graphitic amorphous carbons with densities below
2.0 g/cm3 are incompatible with the present amorphous layer.
While simulations of graphitic amorphous carbon with densi-
ties near 1.8 g/cm3 (gold circles) can exhibit similar Young’s
moduli to the present layer [71], experimentally measured
stiffnesses of amorphous carbon films at this density are lower
[30,36]. The combination of low density, high stiffness, and
high conductivity observed here is therefore indicative of a
porous structure with a relatively stiff and conductive con-
stituent material. Because the amorphous carbon film is so
thin, any porous structure would necessarily consist of highly
irregular voids and vacancies at nanometer or subnanometer
scale, with the constituent material exhibiting a mixture of sp2

and sp3 bonding, as suggested by the EELS characterization.
Small, irregular pores in amorphous materials are difficult to
image using projective electron microscopy techniques such
as HAADF-STEM, but might be resolved in future work using
atomistic tomography methods [72]. Variations in the density
measured by EDS, XRR, and EUV imaging reflectometry
could be explained by a spatially inhomogeneous distribution
of pores and vacancies, since each technique averages over a
different length scale, from nanometers in the case of EDS to

microns and millimeters for EUV imaging reflectometry and
XRR, respectively. Variations between the techniques might
also relate to differences in how each metrology technique
interacts with an irregular, nanoporous surface, which is first
coated in metal in the case of EDS, but exposed in the XRR
and EUV measurements.

In porous carbon, stiffness has been shown to increase
with decreasing pore size, enabling nanoporous amorphous
materials to exhibit exceptionally high Young’s moduli not
attainable in macroscopic structures [81]. For example, while
millimeter- and micron-scale porous carbon structures exhibit
Young’s moduli in the megapascal range [82], nanoscale py-
rolytic carbon architectures can achieve Young’s moduli up
to 20 GPa at densities below 1 g/cm3 [83]. The stiffness of
these cellular metamaterials is often compared to the Hashin-
Shtrikman upper bound on the effective Young’s modulus of
a quasi-isotropic, quasi-homogeneous porous material [84],

Eeff

E0
� 2ρ̄(7 − 5ν)

15(ρ̄ − 1)ν2 + 2(ρ̄ − 6)ν − 13ρ̄ + 27
, (2)

where ρ̄ is the filling fraction (one minus the porosity), and E0

and ν are the bulk Young’s modulus and Poisson’s ratio of the
constituent material. As shown in Fig. 6(b), the Young’s mod-
ulus of the present amorphous layer characterized in Sec. IV
slightly exceeds the Hashin-Shtrikman bound, even for the
1.8 g/cm3 density and assuming diamond as the constituent
material to maximize the right-hand side of Eq. (2).

The high stiffness of this amorphous layer is in line with
recent progress in atomistic simulations of thermodynami-
cally stable forms of amorphous carbon [76,85–87], some of
which are shown to accommodate both nanoscale porosity
and a significant fraction of sp3 bonding. While the porosity
of the present layer is unknown, recent simulations of 50%
porous amorphous carbon with densities near 1 g/cm3 show
Young’s moduli near 200 GPa [orange stars in Fig. 6(b)],
consistent with the present experimental observations [79].
For densities closer to the 1.8 g/cm3 measured by EDS, the
observed stiffness and thermal conductivity would require a
significantly lower porosity. Even though nanoporous materi-
als display a reduction in thermal conductivity relative to bulk
conditions, this effect is not expected to be dramatic in amor-
phous structures, which do not display strong ballistic thermal
transport effects. As a reference, the traditional volume reduc-
tion effect on conductivity according to the models of Eucken
and Russell [88,89] predicts an ∼2/3 reduction in thermal
conductivity assuming 50% porosity. Using the conductivity
bound established in Sec. V, this implies that the intrinsic
conductivity of the amorphous carbon would be necessarily
larger than 3.3 W/(m K), in good agreement with the bulk
forms of diamondlike amorphous carbon shown in Fig. 6(a).

The elastic and thermal properties of the amorphous car-
bon layer could be modified due to the sub-20-nm thickness
and bonding to the stiffer diamond substrate. While EUV
scatterometry can extract mechanical properties of ultrathin
films independent of substrate influence, recent theoretical
and experimental work has shown that the presence of in-
terfaces significantly impacts the mechanical properties of
ultrathin films as the few near-surface atomic layers—which
constitute a significant proportion of the total film volume—
exhibit a different Young’s modulus than those in the bulk
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FIG. 6. Amorphous carbon characterized in this work compared to previous theoretical and experimental studies. (a) Thermal conductivity
vs density, with data from Refs. [34–36,73–75]. The green shaded region interpolates between two analyses of the EUV scatterometry data,
which assume densities of 1.0 and 1.8 g/cm3 from the EUV imaging reflectometry and EDS measurements, respectively. The lower bound of
the green shaded region is obtained assuming the minimum thermal boundary resistance of 0.3 nK m2/W for the nickel-substrate interface,
as given by Eq. (1). The top of the green shaded region is an orientative value assuming a TBR of 3.3 nK m2/W, based on past experimental
measurements [70]. Blue triangles and gold stars correspond to prior experimental measurements of hydrogenated amorphous carbon with a
higher sp3 ratio and graphitic amorphous carbon with a lower sp3 ratio, respectively [35,36]. (b) Young’s modulus vs density, with data from
Refs. [30–33,36,71,76–80]. The green shaded region illustrates the error bars on the EUV scatterometry analysis discussed in SM Sec. VI [44].
Orange stars and gold circles correspond to prior simulations of nanoporous amorphous carbon and nonporous, graphitic, amorphous carbon,
respectively [71,79]. The dotted red line gives the Hashin-Shtrikman upper bound on the Young’s modulus of a macroscale porous medium
assuming diamond as the constituent material. The purple shaded region indicates the typical density range for nonporous, hydrogen-free
tetrahedral amorphous carbons, with sp3 ratios >50%.

[90–93]. In our case, the smooth transition between amor-
phous carbon and the underlying diamond apparent in the
electron microscopy could further result in a different Young’s
modulus than if the material were to appear in bulk form,
analogous to the observations of Hoogeboom-Pot et al., where
few-nanometer tantalum layers exhibited a 25% increase in
the acoustic wave speed when bonded to nickel [42].

VII. CONCLUSION

The consistent appearance of an ultrathin amorphous car-
bon layer at metal-diamond interfaces after electron-beam

lithography processes masks the advantageous optical, ther-
mal, and electronic properties of the diamond substrate
and illustrates the fabrication and metrology challenges of
harnessing diamond’s advantageous material properties in
quantum and nanoelectronic devices. Nondestructive extreme
ultraviolet metrology techniques, applied alongside traditional
electron microscopy tools, enable a thorough characteriza-
tion of the surprising properties of this layer. Dynamic EUV
scatterometry reveals a high Young’s modulus and thermal
conductivity consistent with diamondlike forms of amorphous
carbon with high sp3 ratios, while EUV imaging reflectome-
try and energy-dispersive x-ray spectroscopy measurements
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indicate a low density in the range of 1–2 g/cm3. The surpris-
ingly low density is consistent with the presence of nanometer
or subnanometer voids and vacancies in a stiff and conduc-
tive constituent material. The lithographic origin and novel
material properties of this amorphous carbon layer can in-
form computational simulations and ab initio investigations of
carbon-based materials, as well as practical interface design in
future diamond devices.
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