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The present study provides amulti-scale investigation of the crystalline quality and the structural defects present
in heteroepitaxial diamond films grown on iridium/SrTiO3 (001) substrates bymicrowave plasma assisted chem-
ical vapor deposition. X-ray diffraction, Raman spectroscopy and low temperature cathodoluminescence are
combined to accurately characterize the mosaicity, the density of dislocations and the residual strain within
the films. X-ray diffraction and Raman results confirm a structural quality at the state-of-the-art according to
the epitaxial relationship 〈100〉diamond(001) // 〈100〉iridium(001) // 〈100〉SrTiO3 (001). In addition, Raman
and cathodoluminescence observations on cross-sections reveal the presence of local strain.

1. Introduction

Promising advances have been recently reported for the growth of
diamond single crystals on large areas [1]. Cloning and tiling of diamond
single crystals allow enlarging lateral dimensions of homoepitaxial dia-
mond films [2]. At the same time, heteroepitaxial diamond constitutes a
credible alternative to homoepitaxy for the next generation of power
electronic or radiation detection applications. Indeed, the upscaling per-
spectives for the growth process are particularly interesting for produc-
ing large diamond surfaces, compatible with microelectronic
technologies [3]. Among the potential substrates, iridium is up to now
the best candidate to heteroepitaxially grow high quality diamond by
the Chemical Vapor Deposition (CVD) technique. This behavior is re-
lated to a specific reactivity of iridium surface towards active species
during Bias Enhanced Nucleation (BEN) [4] compared to other sub-
strates like silicon [5] or silicon carbide [6,7]. After BEN, surface investi-
gations revealed diamond nucleation within specific areas called
domains [8]. Contrary to other substrates, growth of diamond nuclei is
prevented at this stage. Iridium epitaxial layers are currently deposited

onto single crystal MgO, SrTiO3 or up-scalable substrates like YSZ
(Yttria-stabilized zirconia)-buffered on silicon (001) [9].

However, the crystalline quality of heteroepitaxial diamond grown
on iridium is still limited by some important problems such as the resid-
ual mosaicity, the residual strain and the presence of a high density of
dislocations. For a quantitative evaluation of dislocation density in
heteroepitaxial diamond, C. Stehl et al. have used chemical etching
and they obtained values in the range of 7 × 109–5 × 107 cm−2 for 10
and 1000 μm diamond thicknesses, respectively [10]. While using μ-
Raman spectroscopy and X- ray diffraction,M. Fisher et al. have demon-
strated that stress up to several GPa can be generated in diamondgrown
on iridium [11]. These problems can affect the electron-hole mobility-
lifetime product and the charge collection efficiency of detectors [12].
In fact, a careful control of the growth conditions is required to decrease
the density of defects and then improve the quality of diamond films.

The objective of the present work is to provide a better understand-
ing of the specific defects like dislocations and strain in heteroepitaxial
diamond films grown on iridium/SrTiO3 (001). The analysis is carried
out by combining different techniques including Raman, X- ray diffrac-
tion and cathodoluminescence (CL) at 10 K using a multi-scale ap-
proach. Cross-sections of samples were also prepared to follow the
dislocation propagation along the growth axis.
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2. Experimental details

Diamond thin filmswere heteroepitaxially grown on Ir/SrTiO3 (001)
substrates by microwave plasma assisted chemical vapor deposition
(MPCVD). First, iridium layers (200 nm) were deposited by e-beam
evaporation under secondary vacuum (b10−6 mbar) on 5 × 5 mm2

(001) SrTiO3 single crystals purchased from CrysTec Inc. The sample
temperature was measured by an infrared pyrometer with a precision
of 0.3% on a SiO2 wafer placed next to SrTiO3 substrates. The iridium
growth rate was 1.5 nm/min and the substrate temperature was
980 °C. The polar and azimuthal mosaicity of these layers were mea-
sured by X-ray diffraction and can be as low as 0.14° and 0.12°,
respectively.

To induce diamond epitaxial nucleation on Ir, a Bias Enhanced Nu-
cleation (BEN) procedure was applied. The experimental conditions
are provided in Table 1. A negative bias voltage of−307 V was applied
to the substrate. The BEN step was followed by a first growth step of
60 nm performed in the same MPCVD reactor [8]. A second growth
step was necessary to achieve thick diamond films in the order of
300 μm thickness, by using the high growth rate (6 μm/h) conditions
of homoepitaxial growth well-mastered at LSPM [23]. This was carried
out in a bell-jar type reactor (Plassys BJS150). No nitrogen was inten-
tionally added to the gas phase. Four samples were obtained by varying
the second growth step duration: 0 (no second growth step), 18, 30 and
48 h. At the end, the diamond layer thicknesses are: 60 nm, 90 μm,
200 μm and 320 μm, respectively.

Different techniques have been carried out to analyze the structural
and physical properties of heteroepitaxial diamond samples. Conven-
tional X-ray diffraction (XRD) gives a characterization of structural
properties averaged over the crystal volume. On the contrary, Raman
or CL are using focused beam and are then sensitive to a typical μm
depth region. In order to understand the evolution of the
heteroepitaxial diamond properties along the growth axis,
heteroepitaxial diamondwere characterized on the final growth surface
but also on their cross-sections. For preparing cross-sections, the sam-
ples were cut by a Nd:YAG laser along the vertical (100) plane and
then the edge was polished using argon ion beam in the Cross-
Polisher JEOL IB- 09010CP at a voltage 4 kV during 10 h.

Confocal Raman spectroscopy and mapping of the 1332 cm−1 dia-
mond line position and full-width-at-half maximum (FWHM) were
performed on the samples. The data were recorded in a backscattering
geometry using a Horiba Jobin Yvon confocal micro-Raman HR800. Ex-
citation was performed with the 514 nm line of Ar+ laser, focused onto
the samplewith an×100 objective. A 632 nmHe-Ne laserwas also used
in the same conditions to compare our data to the literature. By using an
1800 grooves/mmgrating and a confocal hole of 50 μm, the spectral res-
olution was 0.9 cm−1 in the range of the diamond peak, while the
interpixel distance equals to 0.48 cm−1. The Ramanmappings were re-
corded every 1 μm step thanks to a motor-driven XY table. Each spec-
trum was automatically fitted using a Lorentzian function in order to

extract position and FWHM of the Raman line, further color-plotted in
two-dimension graphs.

The structural properties of diamond films were investigated by X-
ray diffraction. A Rigaku SmartLab diffractometer equipped with a
high brilliance rotating anode and an in-plane arm (allowing grazing in-
cidence XRD) was used. Conventional θ/2θ scan and ω-scan (rocking
curve) were done on the symmetric reflection (004) to analyze the
out-of-plane lattice parameter and the polar mosaicity (out-of-plane),
respectively. The azimuthalmosaicity (in-plane) is evaluated by record-
ing azimuthal scans (ϕ-scans) on asymmetric reflections. Reciprocal
space maps have been further recorded around the symmetric (004)
and asymmetric (−1−13) nodes to characterize the mosaicity and
the possible residual strain. The azimuthal mosaicity and the
microstrain level at the diamond surface has been also probed by sur-
face diffraction in grazing incidence (GIXRD) conditions on (220) reflec-
tion (with fixed incidence of 0.35° and lateral soller slits of 0.114°).

CL spectra were collected using an optical detection system from
Horiba Jobin Yvon SA, installed on a JEOL7001F field-emission scanning
electron microscope (SEM). The samples were mounted on a GATAN
cryostat SEM-stage, which was cooled at 10 K with liquid helium. The
specimens were coated with a semitransparent gold layer of 5 nm in
order to evacuate away electrical charges. The penetration depth of
electrons in diamond is 0.9 μm depth with the 10 keV electrons used
here. The CL emission was collected by a parabolic mirror and focused
with mirror optics on the entrance slit of a 55 cm focal length mono-
chromator. This achromatic all-mirror optics bench, combined with a
suitable choice of ultraviolet (UV) detectors and gratings, provides an
excellent sensitivity down to 200 nm. A silicon charge-coupled-
display camera was used to record spectra. Monochromatic CL images
were taken byfiltering the excitonic signal through themonochromator
equipped with a photomultiplier detector synchronized with the beam
scanning.

3. Results and discussion

3.1. Raman spectroscopy as a function of the film thickness

An optical image of the 320 μm thick heteroepitaxial diamond crys-
tal is presented in Fig. 1. The diamond film is still standing on the
5 × 5 mm2 Ir/SrTiO3 (001) substrate, which indicates that the residual
strain of diamond film is low enough to avoid its spontaneous

Table 1

Experimental conditions of BEN and CVD growth steps applied to Ir/SrTiO3 (001)
substrates.

Nucleation process Growth1 Growth2

H2

cleaning
H2/CH4

stabilization
BEN

CH4 (%) 0 4 4 0.6 5
Pressure (mbar) 20 20 20 20 200
MW Power (W) 400 400 400 400 3000
Bias voltage (V) 0 0 −307 0 0
Substrate
temperature (°C)

600 ±

50

650 ± 50 700 ±

50

600 ±

50

880 ± 30

Duration (min) 10 10 40–45 30 0, 18, 30 and
48 h

Fig. 1. Optical image of a 320 μm thick heteroepitaxial diamond film grown on Ir/SrTiO3

(001) substrate.
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separation from its substrate (delamination), as frequently reported in
the literature [9]. The central part was single crystalline (4 × 3 mm2),
while we observe the formation of polycrystalline diamond close to
the borders. The formation of polycrystalline diamond is correlated to
SEM observations recorded just after the BEN process (not shown
here) which reveal the absence of heteroepitaxial domains at the bor-
ders [8].

Raman results of the different samples are summarized in Fig. 2.
Theywere obtained from averaging spectra recorded at 5 different loca-
tions of thefinal growth surface. The FWHMoffirst order diamondpeak
(1332 cm−1) is commonly used as an indicator of the structural disor-
der. The narrower the FWHM, the better the structural quality. We ob-
serve clearly from the plot that with increasing film thickness, the
Raman FWHM decreases. The linewidth of heteroepitaxial diamond
then get closer to the FWHM value obtained for a reference “electronic
grade” single crystal CVD diamond (Element 6). This means that the di-
amond structural quality improves with thickness. It confirms the re-
cent observations of C. Stehl et al. [10].

Comparative measurements of Raman linewidths with literature re-
quire that the same excitation laser is used, as the intrinsic FWHM de-
pends on the excitation wavelength. Therefore the 200 and 320 μm-
thick samples were also measured with a He-Ne laser at 632 nm. We
found linewidths of 2.1 ± 0.2 and 2.2 ± 0.2 cm−1 respectively. Authors
of ref. [10] report FWHM of 4 and 2.5 cm−1 with the same 632 nm ex-
citation at thicknesses of 100 and 300 μm respectively. The Raman
linewidths of heteroepitaxial diamond crystal presented here are
slightly narrower for comparable thicknesses. This leads to first con-
clude that the heteroepitaxial diamond samples grown in this study
present a structural quality at the current state-of-the-art.

3.1. Structural analysis by XRD

XRD characterizations were performed to study the thicker
heteroepitaxial diamond film grown on Ir/SrTiO3 (001). A symmetrical
θ/2θ scan performed on the center of the sample is presented in Fig. 3
(a). Only (00l) reflections are observed which indicates that the dia-
mond film and the iridium layer are both (001)-oriented. A tilt angle
was however observed between the diamond film and the SrTiO3 sub-
strate, that can be up to ~1° with respect to the 〈100〉 direction of the
substrate. The out-of-plane crystal mosaicity (polar orientation distri-
bution) of the diamond film is measured by ω-scan, also called rocking
curve (Fig. 3(b)). The full width at halfmaximum(FWHM) of this curve,
quantifying the mosaicity, is about 0.6°, in the same order of magnitude
than other works on heteroepitaxial diamond for comparable thick-
nesses [14,15]. A large ϕ-scan (azimuthal scan) was acquired on the
asymmetric 〈202〉 reflections (Fig. 3(c)) to establish the in-plane

orientation of the diamond film and its epitaxial relationship with the
substrate. Reflections appear every 90°, indicating that the diamond
film is epitaxial with only one in-plane orientation. As previously re-
ported, it is confirmed that diamond has been epitaxially grown cube-
on-cube on Ir/SrTiO3(001) substrate and the epitaxial relationship can
be written as follows: 〈100〉diamond(001) // 〈100〉Ir(001) // 〈100〉
SrTiO3(001). A zoom on one peak of this ϕ-scan is presented on Fig. 3
(d). The FWHM of this curve gives the azimuthal mosaicity (in-plane
orientation distribution, or so called twist, of the crystals), and it is
again b1°, close to 0.7°, confirming the good epitaxial quality of the di-
amond film.

A detailed investigation of the diamond (004) reflection in the θ/2θ
scan shows an asymmetric peak with a residual diffracted intensity at
high angles (Fig. 4). In addition to the main peak for which the angular
position of the maximum precisely corresponds to a fully relaxed dia-
mond with a bulk lattice parameter c= 3.567 Å, a weaker and broader
peak is also observed at higher angles. It reveals an out-of-plane defor-
mation of the crystal lattice, and indicates that a small part of the dia-
mond is strained with a smaller out-of-plane lattice parameter around
c = 3.55 Å (~0.5% strained). In this conventional XRD geometry, the
whole crystal is probed. Then, from the integrated intensities of the
two peaks deconvoluted by fitting with pseudo-Voigt function, we can
conclude that ~97% of the diamond film is fully relaxed while the re-
maining ~3% exhibit a smaller c parameter. This can be explained by
the in-plane tensile strain generated by heteroepitaxial growth on Ir
(a = 3.84 Å) with a lattice mismatch of +7.7%, even if dislocations
must accommodate this high structural mismatch.

In order to confirm this observation and further characterize the di-
amond film in more details, reciprocal spacemaps (RSM) have been re-
corded around its symmetrical (004) node (Fig. 5(a)). We observe that
themain intensity of the node is located at qz=1.121 Å−1, correspond-
ing to the bulk cell parameter. This confirms that themain out-of-plane
parameter corresponds to the bulk value (c= 3.567 Å). The (004) node
exhibits a drag of residual diffracted intensity at high qz values, corre-
sponding to smaller out-of-plane lattice parameter than bulk value.
This confirms that a small part of the diamond film is strained. Also,
the node is elongated along the qx direction as a consequence of the
mosaicity of the single-crystal. Such a feature is typical of the columnar
growth of crystals obtained by heteroepitaxy on highly mismatched or
mosaic substrates, such asGaN/Al2O3 [16]. Although this elongation cor-
responds to themosaicity reported above, the elongation along qx could
also originate from in-plane residual microstrains (distribution of the
in-plane lattice parameter around the bulk value). To discriminate
these two possible effects (mosaicity and microstrain), we have re-
corded a RSM around the asymmetrical (−1–13) node of the diamond
film (Fig. 5(b)). The node is centered on the bulk value, which confirms
that the diamond film is mainly relaxed. It is also elongated with an
angle of ~25° with respect to qx, corresponding to the angle between
〈113〉 and 〈00l〉 planes, whereas it is narrow along the qx direction.
This observation demonstrates that the heteroepitaxial diamond film
suffers mainly from a rotational disorder due to its 0.6° polar mosaicity.

In order to evaluate the in-plane microstrain level on the diamond
surface, we perform GIXRD analysis on the (220) reflections with Soller
slits of 0.114°. A 2θχ-ϕ scan is shown in Fig. 6(a). The FWHMof the peak
is about 0.33° larger than the lateral instrumental resolution (estimated
to be ~0.15° by measuring a diamond single-crystal from element 6 in
the same conditions). That means the broadening of the peak in these
conditionsmainly comes from thedistribution of the in-plane lattice pa-
rameter (in-planemicrostrain) due to structural defects. Taking into ac-
count the peak broadening due to the instrumental contribution, the in-
plane microstrain level at the diamond surface has been evaluated by
deconvolution to be about ±0.1%.

It might be interesting to compare this result with the average
Raman data recorded at the heteroepitaxial diamond surface in Fig. 2.
According to ref. [17,18], the broadening of the Raman line caused by
a random compressive and tensile uniaxial stress occurs at a rate of

Fig. 2. Average FWHM of Raman first order diamond peak measured at the surface of
heteroepitaxial diamond films of different thicknesses (60 nm, 90 μm, 200 μm and
320 μm). The measurements were done with a 514 nm laser excitation. The reference
single crystal value was taken from an electronic grade diamond from Element6.
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±5x1010 dyn/cm2 per FWMH of ~10 cm−1 in diamond. From the typi-
cal 3 cm−1 Raman FWHMmeasured in this work at the surface, the ran-
dom stress could be evaluated at a level of ±1.5x105 Pa, i.e. a random
strain of ±0.13%. This corresponds well to the order of magnitudemea-
sured by using GIXRD.

By performing an azimuthal ϕ-scan in these particular conditions of
GIXRD, in which only the first ~100 nm of the crystal were probed, we
could measure the in-plane mosaicity of the crystal close to the final
grown surface. For a 320 μm thick diamond, we found a strong reduc-
tion of the in-planemosaicity: from 0.74° averaged on thewhole crystal
(conventional XRD, Fig. 3(d)) to 0.37° at the crystal surface (Fig. 6(b)).
Here again, these values are close to the state-of-the art for
heteroepitaxial diamond films grown on iridium [19], which confirms
the high structural quality of our samples. More generally, a mosaicity
reduction for thick films have also been reported for heteroepitaxial di-
amond in both out-of-plane and in-plane directions [11].

3.2. Observation of dislocations by CL

Different techniques are commonly used to observe dislocations in
semiconductors. The most direct, is the transmission electron micros-
copy (TEM) which allows the indexation of dislocation burger vectors.
However, it is limited by the small field of view and also by the prepara-
tion of thin lamellae, especially difficult for diamond. X-ray topography
is alsowell suited for the observation and indexation of dislocations but
is limited to high quality crystals presenting low dislocation densities
[20]. A widely spread technique for the characterization of dislocations
consists in revealing the threading dislocations emerging at the final
growth surface by a chemical etching leading to etch pits formation
and counting them. Alternatively, cathodoluminescence is a convenient
non-destructive technique for the observation of dislocations in semi-
conductors. Dislocations act as non-radiative recombination centers
for electron-hole pairs and excitons, therefore they appear with a dark
contrast in CL images recorded in the near bandgap region [13,21,22,
23]. CL offers large fields of view and can be performed on both surface
and cross section views.

Presented in Fig. 7 (a) and (b) are SEM and CL images of the surface
of 200 μm thick heteroepitaxial film recorded at low temperature. The
SEM image shows macro-steps at the surface, as sometimes observed
for thick diamond CVD films grown without nitrogen addition [23]. On
the other hand, in the CL images, black spots are observed. They are at-
tributed to single emerging dislocations, while black lines are attributed
to emerging dislocations regrouped along lines. In Fig. 8, black points
periodically spaced by approximately 2 μm reveal the probable pres-
ence of parallel dislocations periodically emerging at the surface. This
kind of defects is known to accommodate small twist angles between
slightly misoriented parts of a crystal. A linewith one dislocation bymi-
crometer would correspond to a misorientation of 0.02° between adja-
cent crystals [24]. We further observe that the dislocations are arranged
in a network of cells with a typical diameter of 5 to 50 μm, increasing

Fig. 3. XRD characterization of the 320 μm thick heteroepitaxial diamond film (a) θ/2θ scan, (b)ω-scan on the diamond (004) reflection, (c–d)ϕ-scans on the diamond 〈202〉 asymmetric
reflections.

Fig. 4. Zoom of the θ/2θ scan centered on the diamond (004) reflection (Fig. 3(a)).
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with thickness. Such defects, which are likely to be typical of
heteroepitaxial diamond, have to be distinguished from the conven-
tional grain boundaries of polycrystalline diamond. M. Schreck et al.
have indeed shown using TEM that grain boundaries in heteroepitaxial
diamond on iridiumare undetectable for samples thicker than a fewmi-
crons [25].

The dislocation density calculated inside the main cell of Fig. 7 (b) is
about 4 × 106 cm−2. At the cell borders, the dislocation density appears
significantly higher, in the range of 108 cm−2 or above. Dislocations at
cell borders can be closer than the dislocation resolution of ~1 μm in
the CL experimental conditions used in this work. Then, an average fea-
ture of the threading dislocation density over the whole crystal appears
difficult to extract accurately with CL in this sample. A technique with a
higher resolution would be required for counting them at the cell bor-
der, such as proposed by Ichikawa et al. [26].

To further study thepropagation of dislocationsduring growth, cross
sections of the diamond film 200 μm thick were prepared. SEM and CL
images are reported in Fig. 7 (c) and (d). The surface is smooth after
ion beam polishing, as observed from the SEM image with almost no
contrast. On the contrary, CL images show black lines which are more-
or-less oriented parallel to [001] growth direction. Note that different
CL contrasts are observed for these lines. The low contrast lines could
be the result of single dislocations, while the stronger contrast could
be related to a group of dislocations, such as observed at the cell borders
in plane-view.

As a dislocation is not mobile in diamond even at the high tempera-
tures used for diamond growth, it is indeed expected to propagate by
minimizing its energy, proportional to its length. Extending their length
from a (001) growth front, as here, the [001] propagation direction is
then favoured theoretically. The presence of macrosteps has also been
shown to deviate dislocations locally [27]. However, due to the high

dislocation density, dislocation interactions are more likely to be the
reason for the slight deviations observed from the exact [001] direction.

3.3. Residual strain evidenced at the microscale by Raman and CL

In Fig. 9 are presented the CL images and the Ramanmapping taken
on the same area of the cross section, on a 140 μm depth from the sur-
face for the 200 μm diamond film. The CL image reveals that the net-
work of dislocations evidenced previously forms a columnar structure
along [001]. The column diameter tends to increase while the disloca-
tion density decreases during the film growth. The Raman linewidth ap-
pears to be directly correlated to the dislocation density, as already
shown by C. Stehl et al using an etch pit counting approach. [10].

At the macroscale, the heteroepitaxial diamond films are almost to-
tally relaxed as shown previously by the XRD analysis. However, the
width of the diffraction peak in Fig. 6(a) attests the presence of in
plane micro-deformations, related to slight variations of the lattice pa-
rameter a [28]. Ramanmappings in confocal mode provide first insights
on the diamond deformations at the local scale. In Fig 9(c) is plotted the
Raman peak position extracted by fitting (note that no splitting of the
Raman peak could be observed). Interestingly, the peak position of Fig
9(c) brings different information than the linewidth of Fig 9(b). Strong
deviations are observed above (up to −0.9 cm−1) and below (up to
+0.7 cm−1) the relaxed Raman peak frequency (1332.5 cm−1) [29].
The fact that the local deviations observed in Fig 9 (c) are almost sym-
metrical around the relaxed position is likely to explain why the sample
was found relaxed at the macro-scale in XRD. Without being quantita-
tive neither on the intensity nor on the direction of residual strain,
Raman mapping clearly evidences a local deformation, probably in-
duced here by the strain-field of dislocations. While at the macroscale,
XRD indicates the crystal is, in average, relaxed to its usual lattice

Fig. 5. Reciprocal space maps (RSM) performed around (a) the symmetrical (004) (without analyzer) and (b) asymmetrical (−1–13) (with a Ge 2-bounce analyzer) nodes of the
heteroepitaxial diamond film 320 μm thick.

Fig. 6. GIXRD around the (220) reflection of the diamond surface. (a) 2θχ-ϕ scan and (b) ϕ scan.
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parameter, mapping of the Raman frequency shows that residual strain
remains important and inhomogeneous at the micrometer scale.

A set of CL spectra which are typically observed from the
heteroepitaxial diamond samples is also presented in Fig. 10, plotted
in the UV region of exciton recombinations. These high resolution spec-
tra were recorded with the electron beam focused at different locations
on the surface of the 200 μm thick heteroepitaxial diamond. The refer-
ence spectrum of an “electronic grade” single crystal (Element 6) is
also presented for comparison in (a). From this reference, the TO-, TA-
and LO-phonon-assisted recombinations of free excitons are identified
at their energy of 5.27, 5.32 and 5.24 eV respectively, as commonly

observed in unstrained diamond. In Fig. 10 (b) (c) (d) (e), dramatic
changes are observed for the free exciton recombinations occurring in
heteroepitaxial diamond: the free exciton recombinations appear
shifted and splitted compared to the reference single crystal.

As described previously, the effect of strain on phonon mode fre-
quencies is weak. The typical shift observed in heteroepitaxial diamond
with Raman spectroscopy is ~1 cm−1 over 1332 cm−1. In energy, it cor-
responds to ~0.1 meV over 165meV. The spectral resolution of CL spec-
tra in the UV range being typically 1 meV, the phonon energy involved
in exciton recombinations can be safely considered as independent on
strain. This allows us to identify two groups of TO and TA recombina-
tions which are separated by a constant value of 54 meV. This value ac-
curately matches the energy difference between TO and TA phonons
involved in the free exciton recombinations in diamond [30]. The two
groups of TO and TA recombinations are indicated by using brackets in
spectra of Fig. 10.

Considering the group of TO-assisted recombinations, its maximum
is systematically shifted at lower energies compared to the reference
homoepitaxial CVD diamond. Concomitantly with the low-energy
shift, the splitting between TO lines increases: up to 41meV ismeasured
between the low and high energy component in the group of TO-
assisted recombinations. The low energy threshold for the recombina-
tion of free excitons is hν = Eg – EX – ħω, where ħω is the phonon en-
ergy, EX the exciton binding energy and Eg the bandgap energy. As ħω
and EX can be both considered as independent on strain effects, the
shift and splitting of the free exciton recombinations are first evidences
of a change in the diamond electronic structure. We attribute this
change to the strain fieldwhich appears strongly non uniform at themi-
crometer scale in heteroepitaxial diamond films.

It is well-known that the band structure of a semiconductor can be
deeply modified under strain. One of the most famous applications is

Fig. 7. Growth surface of the 200 μm thick heteroepitaxial diamond film (a) SEM image (b) and CL image recorded simultaneously. Cross section of the film (c) SEM image (d) CL image
recorded simultaneously. The CL images are filtered around 235 nm in order to image the free exciton recombinations in diamond.

Fig. 8.CL image of exciton recombinations from the 320 μmthick heteroepitaxial diamond
film seen from the top. The white arrows indicate dislocations emerging almost
periodically along a line. Note that the white contrast is a geometrical effect due to the
presence of macrosteps.
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the high mobility transistors obtained with a strained channel. The
strain effect is well documented in silicon [31]. The different behavior
of the conduction and valence bands under strain can lead to a large va-
riety of situations, depending on directions and amplitudes of the strain
field. For instance, it can lift the conduction band degeneracy and/or re-
verse the light and heavy hole valence bands. A hydrostatic pressure
usually induces a shift of the bandgap, while anisotropic strain fields
are responsible for a splitting of the valence and/or conduction bands.

In heteroepitaxial diamond, depending on the position on the sam-
ple, we observe from 2 to 4 lines for each phonon-assisted recombina-
tion. These lines are shifted but also splitted compared to their
positions in the reference single crystal. They might correspond to the
modifications of the diamond band structure under an anisotropic
strain.

The presence of a slight boron contamination in the order of
~1 × 1014 atoms/cm3 can also be inferred from the observation of
boron-bound exciton recombinations [32], labelled B0XTO in the spectra
of Fig. 10. Its recombination energy is maximum at 5.21 eV in relaxed
homoepitaxial diamond. In heteroepitaxial diamond, it is detected at
lower energies, with a similar shift than observed for the maximum of
XTO. This is also coherent with a modification of the diamond electronic
structure under strain.

As a summary, the exciton recombination energies at low tempera-
ture reveal a high sensitivity to the residual strain present at the micro-
scale in heteroepitaxial diamond. Being clear that the dislocation
reduction and the strain management will be important issues for
upscaling the growth process, the luminescence spectroscopy already
appears as a key characterization of heteroepitaxial diamond. To further
assess the strain quantitatively from luminescence spectra, the values of
the so-called deformation potentials would be necessary. While they
are well-known for most semiconductors, a strong discrepancy among
their theoretical values is observed for diamond [33]. The full set of dia-
mond deformation potentials basically remains to measure at the pres-
ent time.

4. Conclusions

The crystalline structure of heteroepitaxial diamond films grown on
iridium was investigated in details using a multi-scale approach with a
combination of Raman, XRD and CL techniques. The linewidth of the
first order diamond peak measured in Raman is comparable to values

Fig. 9.Cross-section analysis of the 200 μmdiamond sample: (a) CL image at 235nm; Raman (b) FWHMand (c) frequency obtainedwith amicrometer-stepmapping (the unit of the color
scale bar is cm−1). The vertical direction correspond to the [001] growth axis.

Fig. 10. High resolution CL spectra of exciton recombinations in diamond at T = 10 K:
(a) reference single crystal, (b), (c), (d) and (e) heteroepitaxial diamond grown on
iridium when the beam is focused at different locations on the diamond surface. The
spectra are normalized to their maximum intensity and plotted in a logarithm scale.
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reported in literature for heteroepitaxial diamond films thicker than
100 μm. XRD spectra confirm the expected epitaxial relationship 〈100〉
diamond (001) // 〈100〉Iridium(001) // 〈100〉SrTiO3(001). Polar and az-
imuthal crystallinemosaicities equal to 0.61° and 0.74°, respectively, are
at the state-of-the-art for comparable thicknesses. Using the more sur-
face sensitive GIXRD configuration, the azimuthal mosaicity is reduced
down to 0.37° indicating an improvement of the crystalline quality
away from the substrate interface (i.e. for thicker films). The θ/2θ scan
performed on diamond (004) reflection shows that only 3% of the dia-
mond film volume presents a slightly smaller vertical (c) lattice param-
eter of ~0.5% than relaxed diamond.

Whereas the diamond lattice is found mainly relaxed macroscopi-
cally, in-plane microstrains of ±0.1% at the diamond surface has been
revealed by GIXRD and the combined CL/Raman mapping observations
performedon a cross-section reveal deformations of thediamond lattice
at the micrometer scale. All these analytical methods converge to evi-
dence the presence of microstrains in heteroepitaxial diamond. Such
microstrains – probably due to the network of dislocations revealed
by CL images – induce a shift and a splitting of free exciton recombina-
tions at low temperature. The splitting indicates the local strain is aniso-
tropic but the values of the deformation potentials would be needed to
further evaluate the local modifications of the diamond electronic
structure.

Our current developments concern the growth of heteroepitaxial di-
amondfilms on up-scalable Ir/SrTiO3/Si (001). These new substrates ap-
pear very promising to achieve diamondwafers usable for electronics or
radiation detection applications.

Prime novelty statement

The currentmanuscript provides a detailed analysis of the crystalline
structure and the structural defects in heteroepitaxial diamond films
grown on iridium using a multi-scale approach with a combination of
Raman, XRD and CL techniques.
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