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Epitaxial graphene on 6H-SiC(0001): Defects in SiC investigated by STEM
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The continuous improvement of the sublimation process of SiC allows using epitaxial graphene nowadays
for quantum metrology. While it is known that the interface between graphene and the SiC surface is crucial
for graphene’s transport properties, almost no information about the composition of the SiC substrate after the
sublimation process is available. In this study we present high resolution cs-corrected scanning transmission
electron microscopy (STEM) experiments on 6H -SiC(0001) samples after growth of graphene. A Si deficiency
within the first three SiC bilayers was found by atomically resolved energy dispersive x-ray spectroscopy (EDX).
The Si concentration within the first bilayer can be reduced up to 50%. In addition, as probed by electron energy
loss spectroscopy, the hybridization state of C within the first five bilayers revealed a sp2 contribution, which we
refer to as the precipitation of small carbon clusters. Our analysis clearly shows that the electronic interface of
epitaxial graphene on 6H -SiC(0001) is not atomically sharp.
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I. INTRODUCTION

The 2D material graphene has sparked a lot of inter-
est due to its outstanding mechanical, electrical, and op-
tical properties [1,2] and triggers intense research towards
the growth of perfect graphene layers. There are numerous
recipes reported for the growth of epitaxial graphene [3,4].
For instance, the thermal decomposition of hydrocarbon gases
on transition metal surfaces like Ir(111) or Pt(111) surfaces
is a self-limiting decomposition process and results in the
growth of long-range ordered monolayer structures [5,6]. The
catalytic activity of the surface is important and substrate steps
are overgrown. These concepts were successfully upscaled
allowing us to grow continuously using Cu foil on rotating
cylinders on square meter scales [7]. However, subsequent
transfer techniques are needed if the graphene is intended to
be used for electronic applications. Therefore, direct growth
of graphene on semiconducting substrates is appealing. For
instance, by means of chemical vapor deposition (CVD) or
molecular beam epitaxy (MBE), graphene monolayers were
successfully grown on Ge(001) [8–10].

In contrast, the growth of graphene on SiC(0001) suc-
ceeds simply by heating without the need of any external
carbon sources. At high temperatures the vapor pressure of
Si, compared to C, is higher by four orders of magnitude and
sufficient to grow graphene layers on top [11]. However, it
was immediately realized that the SiC surface structure plays a
crucial role. Compared to metal supports, step edges or dislo-
cations in SiC give rise to graphene bilayer formation [12,13].
In order to further minimize the influence of these SiC im-
perfections towards an homogeneous sublimation across the
surface, the high temperature treatment of SiC is performed
in a high pressure background of an Ar atmosphere [14].
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The subsequent optimization of this process, i.e., tuning the
gas flow within the reactor or using resist-based techniques,
results in an almost perfect growth where substrate defects are
continuously overgrown by monolayer graphene [15,16].

Most of the research done so far on the growth of graphene
on SiC inherently assumes that the host material remains
structurally and stoichiometrically intact [17–22]. As the
graphene/SiC heterostructure resembles a Schottky struc-
ture [23], thus not only the interface between the graphene
and SiC-surface but also the near-surface region of the SiC is
important for the functionality of this heterostructure. Indeed,
both from a thermodynamic and kinetic point of view, an
atomically sharp interface between epitaxial graphene and
SiC(0001) is unlikely. At sublimation temperatures far above
1500 K, the vapor pressures for molecular species (e.g.,
SiC2 and Si2C) are not negligible [11]. Moreover, diffusion
processes at these high temperatures should affect the stoi-
chiometry of the SiC crystal close to the surface also.

In a previous scanning transmission electron microscopy
(STEM) study contrast changes across the surface detected
with the high angle annular dark field detector (HAADF)
were explained by variation of the silicon concentration [24].
Moreover, from recent x-ray reflectivity and x-ray standing
wave measurements, a Si deficiency of 25% within the first
SiC layer was reported [25]. Although there are indications
for nonstoichiometry effects, detailed high-resolution TEM
measurements, which easily can resolve such imperfections,
have not been reported so far.

In this paper we present energy dispersive x-ray (EDX)
and electron energy loss spectroscopy (EELS) conducted in
a scanning transmission electron microscope (STEM) with
atomic resolution across the graphene/6H-SiC(0001) inter-
face. Being aware of the fact that a near-surface thinning
during preparation of the TEM lamella with focused ion
beam (FIB) can also mimic apparent degradation effects,
we carefully checked the thickness variation. As a result, a
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gradual depletion of Si towards the surface across the first
three bilayers (0.75 nm) was found. Moreover, by analyzing
the hybridization state, we observe that a modification of the
sp3 hybridization of the C atoms within SiC started already
1.25 nm below the surface. Based on a simple model we
propose that graphitic clusters of sp2-hybridized C atoms are
embedded close to the surface.

II. EXPERIMENTAL DETAILS

Epitaxial graphene layers were fabricated by thermal an-
nealing of 6H-SiC(0001) substrates using the so-called face-
to-face method heating the samples up to 1800 K [26]. Besides
monolayer graphene samples, also bilayer structures were
analyzed in this study.

Lamella structures of the graphene/SiC(0001) samples
for cross-sectional scanning transmission electron microscopy
(STEM) were prepared utilizing different focused ion beam
(FIB) systems (Helios G4 UC and Scios 2 dual beam) both
using Ga ion sources. Prior to the FIB preparation, the samples
were coated with an approximately 200 nm thick layer of
amorphous carbon followed by the deposition of a 2 μm thick
layer of platinum. The STEM lamellas were cut out with a
thickness of a few microns. Electron transparency was finally
reached by thinning the lamellas down to about 30 nm around
the interface area by subsequently using ions of 30 keV, 5 keV,
and 2 keV for polishing under an angle of approximately
1◦. The resulting thickness and smoothness of the lamella
were controlled by EELS, EDX, and atomic force microscopy
(AFM) (see below).

The samples were characterized in detail by means of
a double cs-corrected STEM (ThemisZ) operating for our
studies at a primary electron energy of 80 keV in order
to prevent knock-on damage in the graphene films and SiC
substrate [27,28]. With an X-FEG field emission gun and a
monochromator the electron energy spread was 0.2 eV. X-ray
detection was done in STEM mode with a four segment EDX
detector.

Atomic resolution in EDX scans was achieved by focusing
the electron beam down to 0.2 nm in diameter at a current of
100 pA. The STEM system contains also a Gatan Enfinium
spectrometer for EELS. The prominent losses (zero loss peak,
Si-L edge, C-K edge) were recorded simultaneously. For both
EELS and EDX, spectrum images were recorded by acquiring
complete spectra for every pixel while scanning over a two-
dimensional region of interest. 1D plots of spectral intensities
were made afterwards by averaging the spectra along the
SiC(0001) planes ([1120] direction) resulting in line scans
across the SiC-graphene interface.

III. RESULTS AND DISCUSSION

A. Structural data: Scanning TEM

Figure 1 shows a high resolution cross section STEM
image of bilayer graphene on 6H-SiC(0001). The transmitted
signal was detected by the HAADF, thus the white contrast
in the lower part of the image shows the Si atoms of the SiC
lattice. The micrograph was calibrated by the bilayer distance
in the substrate which amounts to 251 pm [29].

FIG. 1. STEM-HAADF image of an epitaxial bilayer graphene
on 6H -SiC(0001). The distances between the carbon layers and to the
substrate are denoted. The layers are labeled with Gn for graphene,
B for buffer layer, and Sn for substrate bilayers counted from the
interface. The averaged HAADF signal is shown to the right. The
envelope shows an increased HAADF intensity of the five bilayers
closest to the interface. The depth scale is given with respect to the
topmost SiC bilayer.

The graphene-related layer distances at the surface can be
measured with high accuracy and are denoted in Fig. 1. Due
to the weak waviness of the carbon layer the values were
averaged over multiple measurements. The distance between
the topmost two carbon layers is close to the graphite inter-
layer distance of 335 pm. Taking this value as a reference, the
distance between the topmost SiC bilayer and the first carbon
layer is considerably reduced, while the distance between the
first and second carbon layer is increased. Both deviations
can be explained by the formation of a carbon buffer layer.
Unsaturated bonds at the SiC(0001) substrate surface induce
covalent bonds to the first carbon layer. Therefore, part of
the atoms in this first carbon layer (buffer layer) are sp3

hybridized resulting in an increased bond strength and thus
decreased distance to the substrate surface. This partial sp3

hybridization of the buffer layer decreases the amount of
π orbitals and thus reduces the π -π bonding between the
buffer and first graphene layer leading to an increased layer
distance.

These deviations of the graphene layer distances (com-
pared to graphite) are in accordance with comparable
(S)TEM, STM, and XPS measurements. For the SiC-
buffer layer distance, experimental values of 197 pm [30],
200 pm [31], 230 pm (4H-SiC) [32], and 250 pm (4H-
SiC) [33] are reported, which are close to values obtained by
density functional theory, 258 pm [34]. An increased distance
between the buffer and first graphene layer was reported also
by Weng et al. together with a decreased substrate-buffer dis-
tance [24]. Similar results are obtained for 4H-SiC [25,35,36].

Along the [11̄00] direction (direction of incidence) the
periodicity of the 6H polytype is not visible. Only the mod-
ulation of the HAADF signal, faintly visible by the red line in
the right of Fig. 1, shows a three bilayer periodic modulation,
i.e., half of the 6H unit cell. Moreover, the integrated signal
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of the top five bilayers within the SiC is increased, i.e., the
electron backscattering rate is higher in this area. A thinning
of the lamella would cause the opposite behavior. We will
demonstrate in the following that this effect is a result of
stoichiometric modifications and carbon precipitates rather
than by a geometric thickness variation of the lamella. Despite
this increase of the HAADF intensity close to the surface,
the STEM contrast conveys the impression of a perfect SiC
lattice.

B. Spectroscopic data: EDX and EELS

EDX and EEL spectroscopy were performed in order to
characterize the compositional and electronic properties of
the near-surface layers. The spectra of both signals were
recorded simultaneously, thus can be directly correlated with
each other. The corresponding STEM micrographs in dark
field (DF) and integrated differential phase contrast (iDPC)
mode are shown in Figs. 2(a) and 2(b) [37].

Figure 2(c) shows the EDX spectrum integrated over the
entire sample area (size ≈ 1.5 × 3 nm2). The most intense
peaks originate from the K edges of Si and C. The other
intense peaks can be assigned to O and Cu emissions stem-
ming from the transfer of the sample to the STEM system
under ambient conditions and the sample holder, respectively.
Less intense emissions, as labeled in the inset, originate from
deflected electron excitations from the sample chamber and
the Pt protective layer as well as from Ga ions implanted into
the sample surface during the FIB sample preparation.

In Fig. 2(d) we show EELS spectra taken at various
positions. In order to increase the signal-to-noise ratio, the
spectra were averaged along the [1120] direction over a spatial
window of approximately 1.5 nm at different positions across
the lamella structure. The positions are marked in Fig. 2(a).
The spectra reveal two main loss features at the C-K edge:
The loss at approximately 287 eV refers to the 1s → π∗
transition, while the loss at around 293 eV is assigned to
the 1s → σ ∗ transition as well as transitions into higher π

and σ orbitals. [35]. The appearance of these losses comes
along with the presence of π and σ bonds in carbon and,
hence, is indicative for sp2 hybridization, as in graphene, or
a sp3 hybridization like for C in SiC. For the spectrum taken
in SiC only the σ ∗ transition is seen. On the contrary, in
graphene the π∗ transition shows maximum intensity. The
SiC spectrum taken closer to the interface already shows
significant modifications in the windows of the σ ∗ and π∗
losses. A more detailed analysis will be presented in the
following.

C. EELS and EDX mappings: Near-surface
substrate composition

Based on the spectral fingerprint features presented in the
previous section, maps of the chemical composition as well
as the electronic configuration of the graphene/SiC interface
were taken and analyzed in more detail. The averaged EDX
emissions across the interface structure for C and Si are shown
in Fig. 3(b) together with the intensity variation from the DF
detector. The maxima of the Si EDX signal coincide with
those of the DF intensity, showing the atomic resolution of

FIG. 2. (a) DF field image of monolayer graphene on 6H -
SiC(0001). (b) Differential phase contrast (iDPC) image of the same
sample revealing a better signal to noise ratio compared to the
DF image. (c) Characteristic EDX overview spectrum revealing the
elements from the sample and sample holder. (d) EELS spectra,
being averaged over small horizontal stripes of same color, as marked
in (a). The spectra in (c) and (d) were deduced from the spectrum
images taken simultaneously with the DF image in (a).

the spectroscopic mode of operation. Clear maxima of the
Si-EDX signals are detected for each SiC bilayer. Figure 3(b)
reveals a finite Si intensity is detected also at the position
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FIG. 3. EDX and EELS analysis of the interface area. (a) Differ-
ential phase contrast (iDPC) image of the region of interest. (b) EDX
data: net intensities of the silicon and carbon EDX peaks together
with a line scan of the DF intensity of (a); (c) EELS data: MLLS
coefficients for C-K edge (comprising the sp3 hybridized SiC-type
and the sp2 hybridized graphene type) and the integrated Si-L edge
intensity. All signals were recorded simultaneously during the scan.
Line scans were generated by horizontal averaging of the original 2D
spectrum image.

of the buffer layer, which we attribute to concomitant EDX
signal from adjacent SiC layers due to scattered electrons.
This parasitic effect is limiting the EDX resolution. However,
despite the agreement in the peak positions, the intensity
of both signals behaves significantly different. As already
mentioned in the context of Fig. 1, the DF intensity increases
towards the interface with an abrupt decrease after the top-
most SiC layer. The increased DF intensity arises from Si
vacancies, which may induce strain fields in the vicinity of
these defect sites [24,38]. Indeed, the presence of such Si
vacancies is in line with the Si EDX measurements. As we
will discuss in detail below, we can assume a homogeneous
thickness of the lamella structure in this area, thus the decrease
in Si-EDX signal indicates a compositional effect. The C-
EDX signal shows a clear maximum only at the position of
graphene. Albeit the cross section for C is only marginally
lower compared to Si, the lattice periodic modulation of the C
signal is not apparent. We attribute the increase of the C-EDX
intensity inside the substrate close to the interface to carbon
precipitates formed in the area close to the surface.

As mentioned, the carbon hybridization strongly influ-
ences the shape of the C-K edge. In order to quantify the
hybridization states a multiple linear least square (MLLS)
fit was used to compose each spectrum from the reference
spectra for graphene and SiC (SGr and SSiC) taken from the
blue and red stripes in Fig. 2(a) and shown in Fig. 2(d)
via F (E ) = AE−r + BSiCSSiC(E ) + BGrSGr(E ), where AE−r

describes the background (power law function) and BSiC

and BGr the weighting factors of the reference spectra [39].
Figure 3(c) shows the Bi coefficients across the interface. Most
importantly, the BSiC component, which is a measure of the
sp3 hybridization of the C within the SiC matrix, is decreased
within the last 5 bilayers of SiC.

In order to further quantify the Si depletion in the SiC
substrate, the Si-L edge in the EEL spectra at 99 eV was
analyzed [cf. Fig. 3(c)]. The Si-L edge was recorded as part
of the low loss spectrum, i.e., a comparably short acquisition
time has been used leading to a bad signal to noise ratio
for the Si-L edge. However, it should be noted that also the
Si-EELS signal appears modulated from adjacent layers, thus
is nonzero at the position of the buffer layer. In contrast to
C, the fine structure of this edge remains the same because
the atomic state does not change, thus we plotted directly
an averaged Si-L signal. Its intensity is directly proportional
to the Si concentration and therefore the depth from the
interface.

The combined EDX and EELS information provides in-
sight into the substrate structure near the surface. The first
change can be observed at the depth of five bilayers in the
form of a BSiC decrease. Without the elemental concentration
changing, this points towards defects in the crystal structure
influencing the bonding types such as antisites. For the S3

bilayer, a decreasing of the Si-EDX intensity indicates the
presence of Si vacancies. Due to the high process temperature,
diffusion of atoms from this layer to the surface is likely.
Both Si-EDX and Si-L edge intensity decrease further towards
the surface. The higher defect density leads to local carbon
rearrangements in the form of graphitic clusters resulting in an
increased amount of sp2 hybridized C atoms. These clusters
grow in size until a complete layer of graphitelike carbon is
formed, i.e., the buffer layer B. At this layer a mixture of sp2

and sp3 hybridized C atoms is measured due to the strong
backbonding to the substrate. In the first graphene layer the
BSiC instantly drops to zero.

D. Quantitative determination of the SiC stoichiometry
and composition

For a quantitative determination of the Si deficiency and
surface-near composition of the SiC, details of inelastic mean
free path length (IMPF, λ) across the interface are important.
In general, the IMFP with respect to the sample thickness t
can be deduced from an EEL spectrum via t/λ = ln (It/IZLP),
where It denotes the total integral intensity of the complete
spectrum and IZLP refers to the integral intensity of the zero
loss peak [40]. The obtained t/λ ratio across the interface
is shown in Fig. 4. We will show in the following that a
considerable decay of this ratio is caused by changes of the
inelastic mean free path λ rather than by changes in the
sample thickness t . The overall decay is superimposed by a
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FIG. 4. Thickness/IMFP plot across the graphene/SiC interface.
For better orientation, the background shows the DPC image of the
region of interest.

modulation of the atomic lattice, which almost vanishes closer
to the interface.

Due to the etching and polishing steps, the TEM lamella
not necessarily provides parallel and smooth surfaces. An
SEM image of the TEM lamella is shown in Fig. 5(a). Besides
checking the widths of the lamella at the top and bottom with
SEM, we also performed an extended SEM-based EDX thick-
ness mapping using the Si-K line. The k ratio of Si-Kα line,
which is the ratio of the line intensities from the thin lamella
and from a bulk SiC sample, was measured and compared

FIG. 5. Structural analysis of the TEM lamella fabricated by FIB.
(a) Colored SEM image of the lamella. (b) Thickness versus position
across the interface deduced from SEM/EDX measurements [41].
(c) AFM profile taken also across the TEM lamella.

with calculations from a thin film calculation using the so-
called ZAF correction method taking into account the atomic
number Z, the absorption A, and fluorescence F [41,42]. A
line scan of the thickness profile across the interface is shown
in Fig. 5(b) showing that the thickness of the lamella is
constant within 1–2◦ of miscut. Moreover, we investigated the
lamella also by means of AFM. The lamella provide a small
height difference of around 0.4 nm between the substrate and
the area where the deposited amorphous carbon starts. This
step originates most likely from the ion etching process. At
the transition from a material with a low etching rate (SiC) to a
material with a higher etching rate (amorphous carbon) under-
etching occurs. A more detailed localization and imaging of
the step is limited by the AFM tip shape. Extended exposure
times in the STEM result in significant knock on damage, as
can be seen in Fig. 5(a) (black hole in center of the lamella).
The line scan in Fig. 5(c) is taken around this damage and
reveals a somewhat higher step. The roughness of the lamella
surface amounts to around 200 pm demonstrating that the FIB
processing was quite noninvasive. Based on these findings, we
conclude that the strong decay of the t/λ ratio is caused by
changes of the inelastic mean free path λ rather than that of
the sample thickness t .

Generally, the IMFP depends on the particle density n and
the cross section for inelastic scattering σ of a material, λ =
(nσ )−1. Since the particle density can be expressed as n =
ρNA/A, with mass density ρ, atomic mass A, and the Avogadro
constant NA, the IMFP finally reads

λ = A/(NAσρ). (1)

For a diatomic compound, A and σ can be expressed by
their components. Considering stoichiometric defects in SiC,
i.e., SixC with the atomic fraction 0 � x � 1, we can write
for the atomic mass and cross section A = AC + x · ASi and
σ = σC + x · σSi, respectively. Values for the cross sections
for inelastic scattering were deduced from the IMFP of SiC
by using the empirical formula given by Malis et al. [43].
For measurements at 80 keV these amount to σC ≈ 1.44 ×
10−4 nm2 and σSi ≈ 1.8 · σC.

In order to determine λ for nonstoichiometric SiC, a suit-
able model for the mass density ρ needs to be derived. In
Fig. 6(a) the mass density of SixC as a function of the Si
content x is plotted under three different scenarios: First,
assuming that Si vacancies remain on their lattice sites the
mass density of SixC will fall below that of graphite around
x = 0.5 (gray line). Second, in case the Si vacancies are
refilled by C atoms, the critical fraction value is at x ≈ 0.25
(red line). For the third and most likely scenario we assume
that the density of SixC needs to be larger than that of graphite,
because graphene layers are formed at this density. At the
high growth temperatures, the surface-near area will most
likely undergo a phase separation, i.e., locally the substrate
still reveals stoichiometric SiC and C precipitates. The gradual
increase of the sp2 hybridization deduced from the C-K edge
EELS signal [cf. BGr component in Fig. 3(c)] suggests that
these clusters are graphiticlike with sp2-hybridized C atoms.
Moreover, as clusterlike structures were not found by STEM,
we assume very small clusters of a few nanometers size
only. Regardless of their inner structure such small clusters
would not be visible in a monocrystalline specimen of 30 nm
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FIG. 6. (a) Mass densities as a function of x in SixC for three
different microstructure models: remaining vacancies on the vacation
of Si-sites (gray), replacement of the vacancies by C atoms, phase
separation between SiC and graphite-like inclusions (green). (b) Cal-
culated inelastic mean free path λ for 80 keV electrons in SixC as a
function of the Si fraction x.

thickness. In order to model ρ(x), we therefore calculate an
average mass density of SiC (ρSiC) including graphiticlike
inclusions (ρC). Weighting with the mass fractions ci, we
obtain for the inverse mass density 1/ρ = cSiC/ρSiC + cC/ρC.
Furthermore, the mass fractions ci can be expressed by sam-
ple composition x in SixC: ci = mi/(mSiC + mC) = x · Ai/(x ·
ASiC + (1 − x) · AC). The resulting mass density is shown by
the green line in Fig. 6(a).

Finally, Eq. (1) can be evaluated and reveals the x depen-
dency of λ(x), shown in Fig. 6(b). Using this calibration curve
together with the measured t/λ profile, presented in Fig. 4,
we finally can calculate a depth profile of the Si content in
SixC for a constant sample thickness of t = 30 nm, shown
by the cyan curve in Fig. 7. The IMFP plot describes the
scenario consistently up to the interface including the buffer
layer. The maxima of its oscillatory behavior coincide with
the positions of the Si atoms within the SiC matrix. Moreover,
we also plotted the Si-EDX and Si-EELS data [from Figs. 3(b)
and 3(c)]. The curve coincides very well with the EDX signal
and proves indeed a Si depletion within the three topmost SiC
bilayers.

FIG. 7. The depth dependent Si fraction change derived from the
IMFP calculation, Si-EDX net intensity, and integral Si-L edge. The
depth scale is given with respect to the topmost SiC bilayer.

IV. SUMMARY AND CONCLUSION

In summary, we applied high resolution STEM on epitaxial
grown graphene on 6H-SiC(0001). Atomically resolved x-ray
and EEL spectroscopy allowed us to perform a detailed anal-
ysis of the depth dependent substrate composition. In contrast
to a widely accepted model of a layer-by-layer decomposition,
we reveal a silicon deficiency down to the third bilayer from
the surface and a defective substrate down to five bilayers.
The Si-vacancy concentration is obviously compensated by
the inclusion of C precipitates, which might come along with
the build up of strain close to the interface.

Our investigations clearly showed that the interface of
epitaxial graphene on 6H-SiC(0001) is not atomically sharp.
The presence of near-surface defects may not only alter de-
tails of the buffer layer bonding but also influence the band
alignment across this heterostructure. To what extent these
substrate defects can be minimized by more sophisticated
sublimation cycling needs further investigations. We also want
to emphasize that the defect concentration we showed in this
study will depend severely on details of the high temperature
processes and the annealing environment. According to the
discussion from above, a perfect SiC interface can be reached,
if the formation of C clusters within the SiC substrate is
suppressed. To what extent this can be reached by improving
the heating time and heating ramps needs to be analyzed in
more detail.
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