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Abstract

With its outstanding physical properties, single crystal diamond is the material of choice for future
power electronics and quantum devices. The later application field is based on the optical and spin
properties of color centers hosted in diamond lattice. Two synthesis methods are currently developed
to grow high quality diamond: high pressure and high temperature (HPHT) synthesis and chemical
vapor deposition (CVD). This review describes the state of the art of single crystal diamond growth by
CVD, either starting with diamond substrate (homoepitaxy) or controlling diamond epitaxial
nucleation on a foreign substrate (heteroepitaxy). Progress on substrates, dislocation propagation and
reduction of structural defects, doping, upscaling and applications are reviewed. In light of recent
progress, future challenges and the respective roles of homoepitaxial and heteroepitaxial materials in
the applications roadmap are discussed.
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1. Introduction

Single crystal diamond is the ultimate material for high voltage, high temperature and high frequency
applications. Its electrical and thermal properties outperform those of other wide band gap
semiconductors like 4H-SiC, GaN or Ga,0s:.™ Its high mobility for electrons and holes and its
excellent resistance to radiation are also highly valuable for detectors in nuclear and high-energy
physics experiments.” In addition to its outstanding electronic and thermal properties, diamond can
host a wide range of color centers involving impurities and vacancies (NV, SiV, GeV,...) that possess
interesting optical and spin characteristics.®! This explains the fast development of quantum
applications based on diamond materials (films, nanoparticles) within the last years. Indeed, such
systems are very promising for quantum photonics and plasmonics®, quantum computer!®,
magnetometry™®, temperature sensing!” or hyperpolarization.®

For these application fields, diamond films of excellent crystalline quality are required. Moreover,
power devices need an accurate control of the diamond doping. While p-type boron doped diamond is
nowadays optimized, n-type phosphorous-doped diamond is still challenging. For quantum
applications, the current developments aim for a fine tuning of impurities (nitrogen, silicon,
germanium,...) incorporated into diamond lattice, either during chemical vapor deposition (CVD)®,
high pressure high temperature (HPHT)"® synthesis or by alternative methods like ion
implantation.™ The objective is to finely control the concentrations of color centers as well as their
accurate location into diamond (spatial and depth). In addition, technological pathways for growth of
large-scale single crystal diamond are essential to facilitate the developments of electronic and
quantum applications.*?
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The present report aims to provide an update on the advances in single crystal diamond grown by
CVD. For the state of the art of HPHT synthesis, one can refer to the following review."*® Two
strategies are currently investigated to grow high quality diamond by CVD: the first one starts from a
diamond substrate (homoepitaxy) while the second uses substrates of different natures (heteroepitaxy).
For both cases, progress on substrates, growth mechanisms and reduction of structural defects, doping,
upscaling and applications are reviewed. More specific issues like nucleation for the heteroepitaxy
pathway or fast CVD growth conditions for homoepitaxial diamond are also considered. In light of the
latest advances, conclusions on future challenges are then drawn and the respective roles of
homoepitaxial and heteroepitaxial materials in the applications roadmap are discussed.

2. State of the art
2.1 Homoepitaxy

Homoepitaxial diamond films are deposited on high quality polished single crystal diamond plates
(substrates) in CVD reactors with different approaches to gas activation.'**! Below we consider the
aspects of CVD diamond synthesis based on microwave plasma assisted chemical vapor deposition
(MPCVD) only as it is this type of plasma which provides very high film purity matched to high
growth rates over large area. Ultrapure electronic grade CVD diamond with nitrogen concentration <5
ppb is currently commercially available from Element Six. Particularly, the material of this sort
demonstrated record high electron mobility, a factor of two better than for the best natural type lla
diamond crystals,™® that is crucial for electronic applications. The CVD diamond shows thermal
conductivity of ~24 W cm K™ at room temperature, the highest value ever measured for synthetic
diamonds with natural isotopic composition, and an order of magnitude higher, of 278 W cm 'K at
lower temperatures (63 K).'"1 The search for methods to reduce defect density, enhance growth rate
and provide prolonged non-stop growth, develop precisely controlled doping procedures, to obtain the
material tailored for particular applications is one of the major directions in CVD diamond research.
Homoepitaxial diamond films are grown on HPHT and CVD diamond single crystal substrates. The
CVD growth in almost all cases is performed on (100)-oriented substrates as the {100} crystal face
yields the lowest density of structural defects in the produced epilayers. Nevertheless, reports on high
quality CVD SCD (Single Crystal Diamond) growth on substrates with different orientations, such as
(112)182° or (113)12°21 gre available.

2.1.1. Substrate preparation for homoepitaxy

A pretreatment to remove defects on the substrate surface is needed as they may induce further
defects, such as threading dislocations, in the growing epitaxial layers. Polishing of the substrates
results in formation of subsurface damage layer the thickness of which is of the order of a few
micrometers in case of mechanical polishing with “scafe”.”? Yurov et al.[¥ observed an enhanced
etching rate in hydrogen microwave plasma of the first surface layer for both Ila type HPHT and CVD
(100)-oriented substrates compared to the bulk diamond etching. They assigned such kinetics to the
presence of the polishing-induced damaged layer, and estimated its thickness of ~1 um for a CvVD
substrate and ~0.2 um for the HPHT substrate. The widespread substrate pretreatment to remove
surface damage includes H,/O, microwave plasma etching of the substrate before growth.?*! However,
the H,/O, plasma etching is strongly anisotropic and leads to the appearance of deep etch pits and high
surface roughness. Achard et al. ! combined H,/O, plasma etching as a 1% step with smoother surface
treatment such as reactive ion etching-inductively coupled plasma (RIE-ICP) etching or Chemo-
Mechanical Polishing (2" step) and they showed a significant reduction in dislocation density of the
thick CVD epitaxial layers: similar defect density as in the initial HPHT substrate was obtained.
Smooth, homogeneously etched SCD surfaces were obtained with ICP treatment using an argon—
chlorine mixture.”®* Such gentle etching did not increase surface roughness of the HPHT diamond
(at least up to the 6-pum etching depth). The CVD crystal grown on an HPHT substrate pretreated with
ICP revealed a dramatic reduction in the dislocation density.[%] Also Ar/O,/CF, RIE plasma treatment
of the substrates was employed to remove sub-surface polishing damage to the depth up to 10 pm.?

2.1.2. High rate growth

The search for growth regimes which combine high quality of SCD with high growth rate is one of
main priorities of CVD technology, especially in case of thick crystal production. The CVD diamond



synthesis is sensitive to many process parameters, such as gas pressure in the reactor,*" methane
concentration,® substrate temperature,”**? absorbed microwave power density,”**? nitrogen
contamination,®?¥! substrate holder geometry,®* and others. By combining several beneficial
parameters in one recipe Liang et al.”™™ reported SCD growth up to 18 mm in thickness at gas
pressures of up to 350 Torr. Growth rates of up to 165 um/h at 300 Torr at high power density have
been achieved with N, addition in gas. They speculated that “next generation MPCVD reactors should
be capable of generating stable plasma at chamber pressures above 1 atm, resulting in growth rate
increased to 1 mm/h under such conditions”. This prediction still is not realized in experiment.

Optimization of the reactor itself and deposition process is not an easy task because of complexity of
the processes involved. To reveal the isolated effect of one variable parameter, normally many SCD
samples with thickness of at least a few hundreds of microns should be produced, which is a long
procedure. Bushuev et al.®**! dramatically reduced the time needed and suggested an express method
to perform experiments with one or several variable parameters in one run, on a single substrate,
without switching off the plasma. They used a low-coherence interferometric in situ control of the
growth rate and sample thickness -any-mement. For example, substrate temperature T, was changed
in steps and the growth rate was measured at each step after the process had equilibrated. Typically, 5
to 10 min of the linear growth time was enough to determine the growth rate at fixed Ts with high
accuracy (see Figure 1). The Kkinetics data thus determined, particularly, activation energy, are
valuable to the growth modeling.
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Figure 1. Left panel: Evolution of epilayer thickness with time under consecutive rise in steps of
substrate temperature T, at 10% CH, content as measured with low-coherent inteferometer. The
temperature is indicated for each segment. The linear segments correspond to the growth with constant
rate. The transitions between two segments are due to temperature dependence of diamond refraction
index and sample thickness product n(T)d(T). Inset: optical scheme of LCI measurements of sample
thickness. Right panel: Dependence of growth rate on substrate temperature at different CH,4 contents
in gas mixture. Note the net etching for 1% CH, at T; >1000°C.B Reproduced with permission.
Copyright 2017, Elsevier.

2.1.3. Growth on multiple substrates

For up-scaling the industrial production of SCD MPCVD reactors operated at 915 MHz frequency
have been introduced, which maintain a larger size plasma compared with 2.45 GHz CVD systems, .’
With a 75 kW 915 MHz reactor high production rates of up to 300 diamond single crystals placed on a
300 mm diameter substrate holder was reported by Liang et al.F® They demonstrated production rates
of up to 100 g/day of SC diamonds, with 25% of the material categorized as colorless. To achieve
better plasma uniformity one has, however, to decrease the pressure down to 100-130 Torr, with a cost
of a reduction in growth rate.

2.1.4. Growth of large size plates



Since many applications need wafer size SC diamond, metheds-to-inerease-the-CV/Dplates-rumber
having-in-dispesal-seeds-of Himited-dimensions-enby; methods to increase the grown plates area were
explored. By growing a thick CVD layer it is possible to enlarge the initial area of the substrate by a
factor of two since growth also occurs laterally from the substrate.”% Nad et al.” grew single crystals
in an optimized pocket substrate holder, and reported the lateral SCD surface area increased between
1.7 and 2 times greater than the initial seed surface area during one continuous run. Using the side
faces as growth surfaces a half-inch single-crystal CVD diamond seed crystal was synthesized and
half-inch freestanding single-crystal CVD diamond plates were produced from the seed obtained by
lift-off technique.! A more promising way to extend the SCD size to inch-scale is known as
“mosaic” growth.">**] It uses the overgrowth of homoepitaxial diamond on identically oriented seeds
synthesized diamond substrates assembled in one mosaic-tiled geometry, with following separation of
the formed monolith from the substrate.”*“*! Mosaic wafers as large as 40 x 60 mm? produced on
arrays of 10 x 10 mm? “clone” substrates were demonstrated.”® Dielectric properties of the mosaics
with areas up to 8 cm” and thickness of ~ 1 mm were measured in 90-170 GHz frequency range, and
loss tangent tand of less than 2 x 10°° has been determined.*” This value is as low as that of the high
quality polycrystalline diamond developed for many years as components of high power gyrotrons.”]

While the major volume of the mosaics can be a high quality low-stress material, the coalescence
boundaries (junctions) between the blocks contain an enhanced defect concentration and stresst*®>%
according to analysis with Raman spectroscopy. The stressed zone may extend to distances of the
order of 100 um from the junction (Figure 2). The defects, such as bundles of threading dislocations
(TD) in the junction region (the dislocation density in the TD bundle region was <10 cm™) are
shown by Ohmagari et al.“***” to locally degrade electronic performance of devices such as Schottky
barrier diodes. To further improve the device uniformity these authors introduced a buffer layer to
mitigate the influence of coalescence boundaries on the diamond mosaic wafer. The buffer layer was a
diamond film with tungsten impurities growth by hot-filament CVD, and the tungsten incorporation
effectively suppressed dislocation propagation from the mosaic substrate to the epilayer. For high
power devices the ability of diamond to effectively dissipate generated heat is critically important, and
one may expect that the defects localized around the junctions can degrade also the in-plane thermal
conductivity, by forming thermal barriers. This issue is worth of further experimental verification.
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Figure 2. a) Photograph of a diamond mosaic wafers (40mm x 40 mm) in which pieces of free
standing plates are connected laterally by CVD growth. b) Optical microscopic image of Schottky
barrier contacts fabricated near junctions. The electrode diameter was 100 um. Confocal Raman
imaging near the junctions showing c¢) Raman shift and d) full width at half-maximum (FWHM)
mapping.® Reproduced with permission. Copyright 2019, Wiley-VCH GmbH.

2.1.5. Doping



Diamond is wide-band gap (5.45 eV) semiconductor with high breakdown field of 13 MV/cm and
high intrinsic carrier mobilities, of up to 3800 cm V' s and 4500 cm V! s™* for holes and electrons
at room temperature, respectively,*® very promising for next generation of high power electronics,
such as diodes and microwave transistors.®*3 Doping is needed to provide p-type or n-type
conductivity for designed device structures. Boron in diamond gives p-type conductivity with
activation energy E, = 0.37 eV, while phosphorus gives n-type conductivity with E, = 0.59 eV. The
doping is performed by adding the respective precursor, most often diborane B,Hs™"! or phosphine
PH;™* in the process gas. Since in B-doped diamond hole mobility decreases significantly with dopant
concentration, delta doping has been attempted to mitigate this effect at enhanced dopant
concentrations by forming a very thin (of the order of 1 nanometer), highly boron-doped ([B] > 10%
cm®) layer inside intrinsic diamond.”>**Butler et al.***"! reported hole mobility of up to 120 cm® V*
s ina 1 nm thick delta layer with estimated boron density of ~4x10%° cm™. Their CVD reactor with
fast exchange of feed gas was also used to form delta-doping with nitrogen to create a 2D ensemble of
nitrogen-vacancy color centers with well defined positions, which is important for optical quantum
technologies.”®** “Surface transfer doping”, an alternative approach to form a p-type layer, exploits
hydrogen surface termination, which combined with adsorbates, induces a quasi-2D hole channel a
few nanometers below the surface.®*®! Field-effect transistors (FET) on H-terminated diamond were
realized by a number of groups®®®*! with cutoff frequency above 50 GHz.!** The H-terminated surface
is easily prepared by exposure of the diamond substrate to hydrogen plasma, which results in sheet
carrier densities of the order of 10" cm™. Further deposition of a protective metal oxide thin film is
used to stabilize the diamond’s surface conductance.

A great increase in engineering of color centers in diamond for photonic and quantum technologies
has been reported in the last decade. The optically active defects with bright luminescence in the
visible and near infrared spectral range, such as impurities related to vacancy in the diamond lattice:
nitrogen-vacancy (NV), silicon-vacancy (SiV), germanium-vacancy (GeV), and more recently PbV
and SnV centers, are considered as candidates for single photon emitters for realisation of solid-state
quantum photonics.”! These centers are stable at room temperature and promise to create quantum
bits operating in ambient conditions. While the color centers can be formed in diamond by ion
implantation,”” in situ doping during diamond growth is preferrable to-the-aim to avoid remnants of
the implantation induced-damage that could left even after high temperature annealing. Representative
examples are doping with gaseous silane SiH,*® and germane GeH.® precursors added to the
plasma, the concentration of the respective color center being controlled by the dopant flow rate. It
was discovered’ that the dephasing time T, of single electron spins of NV center in ultrapure
diamond enriched with *2C isotope strongly increases up to 1.8 ms. Deposition of thin diamond films
on (100) substrates using isotopically purified methane is a convenient method to improve the spin
properties.l’!

2.1.6 Applications of homoepitaxial films

Production of thick, of a few millimeters and more, diamond crystals of high quality remains one of
important research activities, primarily for jewelry. Another need for thick bulk crystals is stimulated
by interest in preparing low-dislocation substrates for epitaxy. As dislocation in the CVD layer
propagates from the substrate/film interface mostly parallel to the growth direction, the produced bulk
(100)-oriented CVD crystal can be sliced vertically (in parallel to the growth direction) to fabricate a
batch of new substrates in such a way, that the side [100] plane is almost free from dislocations which
cross the [100] face.l’? The further growth on the side plane confirmed a strong decrease by an order
of magnitude in dislocation density.**"

The SC CVD diamond is used in X-ray beam position monitors,””? X-ray monochromators™ and
splitters,”™ detectors of charged high energy particles,”®"neutrons,"*? UV light,™ and in
dosimeters in radiotherapy, particularly for proton therapy® to combine good electronic properties
and radiation hardness. Diamond detector structure with pair of planar metal electrodes on two sides of
the diamond plate is a common feature of such devices (UV sensors may have electrodes on one plane
only). The charge carriers created by ionizing radiation are collected on the electrodes, so there is no
reason to make the detector thickness exceed the charge collection distance L (typically L <500 pm).
This limits the volume of the detector and potential amount of charges to be registered. Recently, the
idea of 3D structures for the electrodes has received an interest. Oh et al.”® proposed a novel diamond
detector with buried graphitic vertical electrodes on a single crystal for ionizing radiation monitoring.



Vertical conductive graphitic micro-pillars with 200 um interdistance were fabricated in bulk via
laser-induced local graphitization of diamond by moving the tightly focused laser beam (3 ns pulses
were used). Rows of the buried graphite pillars were connected by deposited metallic contacts. With
fixed interdistance between the electrodes the applied voltage does not depend on the film thickness.
The following investigation®” was dedicated to the realization of a larger 3D prototype (with the
graphitic wires formed by 100 fs pulses at 800 nm wavelength) to be tested as position sensitive
detector and particle tracker under 120 GeV proton beam irradiation. The sensor operated at much
lower applied voltage compared to the planar version of the device of the same crystal, demonstrating
the advantages of a 3D diamond detector. To overcome the necessity of metallization and
photolithography processes, Lagomarsino et al.® and Kononenko et al.”® demonstrated all-carbon
detectors with surface graphitic stripes (produced also by the laser) for connections of the pillars along
parallel paths. Recently, an all-carbon transmissive X-ray imaging pixel detector was demonstrated
which is capable of imaging a synchrotron X-ray beam profile with the resolution as high as 600
nm.*”1 As the detector includes no metallization in the beam path it introduces fewer absorption edges
that may interfere with beamline experiments. It is important that the graphitic wires extend deep into
the crystal (for a few millimeters®) in order to guarantee that a large volume fraction of the diamond
contributes to the sensing signal. The material modified by laser-treatment is in fact a mixture of the
diamond and graphite phases; its nature is strongly dependent on process parameters as wavelength of
light, pulse duration and repetition rate, size of the focused laser spot, fluence and velocity of the focal
plane through the diamond.””*°”. The space in proximity to the graphitic pillars is enriched with defects
and stress™ which might reduce the detector performance. Nevertheless, a high charge collection
efficiency of 96% was obtained under MeV electrons irradiation. A recent study™® showed the
structure of the laser-induced graphitic pillars to be more complex than it was assumed earlier. In
particular, the graphitic channel looks tree-like with graphitized cracks fanning out from the central
root. This observation can explain the high (compared to that known for graphite) electrical resistance
of the pillars. Therefore, a careful choice of laser irradiation parameters is needed to avoid this
detrimental effect. More details on fabrication and performance of 3D diamond detectors can be found
in a review.["!

Great progress was achieved in last decade in development of diamond Raman lasers (DRL)M* %I,
This type of laser converts the input pump laser beam with frequency wpme t0 Output radiation
spectrally shifted by the frequency of optical phonon w, Of the particular crystal due to Raman effect
(for diamond wy, = 1332 cm™'). Generation of Stokes and anti-Stokes of 2" and higher orders are
possible, extending the range of output wavelength variation. A large fraction of the pump energy
transforms to shifted energy owing to stimulated Raman scattering (SRS). Diamond is an excellent
medium for Raman lasers due to a unique combination of excellent material properties : high Raman
gain, large Raman shift, simple single-line Raman spectrum, wide transparency range, high thermal
conductivity and low thermal expansion coefficient. The SRS effect in solids was observed for the first
time by Eckhardt et al.” who studied a natural diamond crystal. The interest to DRL revived with
appearance of CVD diamond samples of optical quality. SRS properties of CVD diamond were
reported by Kaminskii with co-authors, first for polycrystalline diamond,”” then for single crystals,*
who used a single pass geometry. Soon, the first Raman laser emitting at 573 nm has been
demonstrated by Mildren et al.”*! by placing the crystal inside the cavity. The DRL development was
sped up due to the availability of high quality CVD crystals of large size with low optical absorption,
low dislocation density, low birefringence. Because temperature gradients within diamond crystals are
strongly reduced owing to extremely high thermal conductivity, the detrimental effect of thermal
lensing is much weakened for diamond compared to other crystals used for Raman lasers. This allows
obtaining DRL of very high powers: Antipov et al. "*! reported on 1.2 kW DRL operated at 1.24 um
with pump at 1.06 um. Currently, DRL generation was realized between UV and mid IR spectral
range, pulse length from femtoseconds to continuous wave (CW) regimes.!*>*%"1

2.2 Heteroepitaxy
2.2.1 Substrate for heteroepitaxy: a strategic starting point

The choice of the substrate for heteroepitaxial growth is essential because it greatly influences the
crystalline quality of the diamond films obtained after growth. The criteria for substrate selection are
numerous and include not only the crystal structure, the lattice constant, the thermal expansion



coefficient, but also the substrate stability under CVD plasma environment and the surface reactivity
which is a critical point to get diamond nucleation.

A large variety of materials have been tested and used for diamond heteroepitaxy: Sit"®¥, SiCc!%I
Ticlo4 Colt®sl pilioel (2071 N8l - A0, Nt and Rel'Y. The formation of a continuous
film requires the presence of a sufficiently high density of nuclei and the quality of the film is
intimately linked to the disorientation of the nuclei. The crystalline quality of heteroepitaxial films
obtained on iridium is an order of magnitude better than other substrates and it is today recognized as
the best material for diamond heteroepitaxy. Nucleation mechanisms more specific to iridium will be
detailed in part 2.2.2.

To limit the cost of the substrates, to reduce the thermal stress and move towards larger substrates,
multilayer substrates have been developed with iridium buffer layers deposited on metal-oxide layers
on silicon substrates (SrTiO4/Si and YSZ/Si**?), oxide substrates like MgO™*! and more recently
sapphire ™ and KTaO,!**\. The optimization of the iridium layer is very dependent on the nature of
the substrate and the deposition process & 71 While the growth of (100) oriented diamond films is
in the majority, (111) orientation is also being studied, using 3C-SiC/Si (111) ™*¥ and recently Ru/c-
sapphire substrates. %

2.2.2 Diamond nuclei and nucleation mechanisms on iridium

To grow heteroepitaxial diamond films, an accurate control of diamond nucleation is required with
nuclei in epitaxial relationship with the substrate. Among the investigated nucleation techniques®™®”,
Bias Enhanced Nucleation (BEN), first reported by Yugo et al.'*?l, has been established as the most
powerful process to generate epitaxial diamond nuclei on different heterosubstrates (Si, 3C-SiC, Ir,...).
It consists of negatively polarizing the substrate with respect to the reactor walls or a counter
electrode, immerged in a plasma generated by microwaves or a DC discharge.™? This produces an ion
bombardment of the substrate by positive ion species. As shown previously (part 2.2.1), most of the
current works focus on the iridium surface due to its specific reactivity with carbon that includes
solubility, segregation and subplantation mechanisms.'?! Let us note that some research activities
continue on cubic silicon carbide.™™ On iridium, during BEN, diamond nucleation mainly competes
with surface roughening and with the formation of an amorphous carbon overlayer. Diamond nuclei
that are generated during BEN in domains close to 2D patterns, exhibit a high epitaxial rate (> 90 %).
No obvious growth of nuclei was observed during BEN contrary to the growth in islands (Volmer
Weber mode) reported for other heterosubstrates such as silicon or cubic silicon carbide.*?”! Indeed,
the stronger BEN conditions, typically applied to iridium, with a bias voltage up to — 400 V, can
induce diamond etching. Consequently, without further growth, such nuclei remained invisible using
high resolution transmission electron microscopy (HRTEM).?®! Nevertheless, their presence was
detectable via X-ray photoelectron diffraction™”), Auger electron spectroscopy, X-ray absorption near
edge structure, high-resolution electron energy loss spectroscopy™ or via scanning electron
microscopy (SEM) contrast difference in areas called domains.**!

Based on their numerous investigations of BEN on iridium, Schreck et al reported on a nucleation
model called lon bombardment induced buried lateral growth (1BI-BLG).*! It considers the effects of
ion bombardment occurring during BEN within the hydrogenated amorphous carbon layer formed at
the iridium surface (Figure 3). According to simulations, an equilibrium is established between the
implantation of positive ions and a chemical etching. Under such conditions, diamond nucleation can
occur at the iridium surface. Nuclei, protected by the amorphous carbon layer, then undergo lateral
growth in a pseudo-2D mode (Figure 1c). After BEN, the hydrogenated amorphous carbon layer is
etched away under MPCVD plasma and the growth of epitaxial diamond nuclei can take place.
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Figure 3. Scheme of the ion bombardment induced buried lateral growth (IBI-BLG) model, (a) AFM
picture at a domain border; (b) height profile indicated on (a); (c) scheme of the layer structure; (d)
and (e) simulation of depth profiles of implanted carbon species. Reproduced with permission. 2
Copyright 2017, Nature.

2.2.3 Growth mechanisms

During the coalescence of highly dense diamond nuclei (typically 10*/cm?), dislocations are created
mainly due to the large mismatch between diamond and iridium lattices (7%) to accommodate strain.
In the first stages of textured growth on iridium, the polar and azimuthal mosaicities, tilt and twist,
respectively, decreases with the film thickness.'® Indeed, a combination of experiments and
simulations demonstrated that two neighboring islands could merge via a disclination mechanism.
This is likely due to the weak misorientation between epitaxial islands on iridium, typically lower than
1°, compared to several degrees on silicon or cubic silicon carbide. Consequently, the density of
dislocations drops with the growth of heteroepitaxial films of several microns. Due to the strong
increase of the Raman scattering, Ultra Violet Raman, operating at 325 nm, is well adapted to
characterize the crystalline quality and the strain within such thin heteroepitaxial films.*! The
dislocation density within the diamond lattice can be estimated either from HRTEM images!**%,
Cathodoluminescence (CL), as dislocations act as non-radiative recombination centers for electron-
hole pairs and excitons, ™* or from the counting of etch pits generated by H,/O, plasma at the film
surface.™* According to HRTEM, pure edge dislocations are more efficiently reduced. The analysis
allows prediction of the evolution of the dislocation density proportional to the inverse of the film
thickness.!**®!

Several HRTEM studies were then performed to better understand the propagation of dislocations
during the growth of heteroepitaxial films on iridium. The main objective was to identify the
parameters affecting their propagation that is highly dependent on the macrostructure of the diamond
growth surface (terraces, risers) as shown on different off-axis substrates.”* Dislocation bending is
also promoted by nitrogen addition in the gas phase that induces step bunching at the diamond growth
surface. Tilting angles higher than 20° towards the step flow direction were measured for all kinds of
dislocations on cross-section images in the riser growth area (Figure 4).'*J This strengthens
interactions between dislocations that favor their annihilation. In the absence of nitrogen in the gas
phase, the induced bending is dependent on dislocation type.
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Figure 4. Cross-section TEM images taken along the [010] direction. As shown by weak beam dark
field mode using 004 (a) and 400 (b) reflections, all kinds of dislocations underwent a bending with an
angle higher than 20° in the riser growth region. More details are provided in the following reference.
(1321 Reproduced with permission. Copyright 2016, Elsevier.

Finally, the correlation between stress states and the dislocation propagation was investigated by
HRTEM for diamond (111) heteroepitaxial films grown on off-axis and on-axis substrates. " 1!

2.2.4 Strategies to reduce dislocation density and improve crystalline quality

Performances of diamond electronic devices or radiation/particle detectors are strongly affected by
structural defects. One of the current challenges is to decrease the dislocation density in high crystal
quality diamond films. The dislocation density of heteroepitaxial diamond films is between 10° - 10°
cm for film of few hundreds of microns and therefore much higher than that of homoepitaxial films
(between 10° — 10° cm™®). The evolution of the dislocation density from early stages to thick films was
described in the previous part. Thus, several strategies have been developed to reduce more drastically
the density of dislocations.

The patterning of diamond nucleation to promote Epitaxial Lateral Overgrowth (ELO) is a promising
approach proposed by Ando et al.**). The geometry of the patterns, their size and orientation are
critical parameters. In the case of a stripe pattern, the orientation of the stripes influences the
propagation of dislocations as the film thickens ™** *. Pattern nucleation region width is also a key
parameter but not easy to implement at large scale because it requires the integration of nanopatterning
technologies. The spacing between the stripes favors lateral growth but beyond a certain size, the
nucleation of non-epitaxial crystallite on the non-cover area is detrimental. This problem has been
solved by proposing a cross-band structure and leads to a dislocation density of 9 x10°cm™ in the areas
between the bands spaced at 100 pm!**2. Patterning after a growth step via a metal pattern is also a
way to reduce the dislocation density as reported by Tang et al.”*®l. Another concept developed by
Aida et al. is based on patterning a thin diamond film followed by a growth stage to fabricate diamond
micro-needles with high aspect ratio in order to produce a free standing heteroepitaxial film after a
subsequent growth™* % 261 This concept therefore both reduces dislocation density, allows a nearly
stress-free state to be reached and greatly facilitates film detachment by delamination. The
microneedle pitch also has an influence on the diamond film quality: with a pitch of 50um, the
FWHM of the X-ray rocking curve for diamond (004) is 0.17°.

As shown in the part 2.2.3, another approach is the use of an off-axis substrate coupled with the
addition of nitrogen in the gas phase that increases the probability of dislocation interactions and thus
reduces the dislocation density™*®. Ohmagari et al. have recently applied a method which consist of
introducing a diamond buffer layer containing tungsten metal impurities in order to create interactions
with dislocations to modify their propagation; this method has been applied to heteroepitaxial films
and the qualitative results obtained are promising™.



2.2.5 Impurities incorporation in heteroepitaxial diamond

Heteroepitaxial diamond is a material of choice for electronic applications due to its high crystalline
quality and its large scale (paragraph 2.2.6). The doping with boron and phosphorous atoms is then
essential, to provide p-type and n-type doping, respectively. The fabrication of diodes (pint*",
Schottky™*®) allow the estimation of the crystalline quality of heteroepitaxial films.

The first reported study of boron doping was performed during diamond (001) heteroepitaxy on an
iridium substrate. The boron incorporation within the diamond lattice was tuned from 10" to 5x10%
boron atoms per cm® according to CL, secondary ion mass spectrometry (SIMS) and X-ray diffraction
measurements.™! The boron insertion enhances the biaxial stress while the role of dislocations in the
stress state was confirmed (paragraph 2.2.3). HRTEM investigations revealed a segregation of boron
atoms around dislocations (Figure 5) that is driven by the tensile strain field.!**"
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Figure 5. (a) Annular dark field Scanning TEM (STEM) image of a dislocation; (b) boron K-edge
mapping; (c) boron content mapping. Reproduced with permission.'** Copyright 2016, The Royal
Society of Chemistry.

Two other research groups reported on boron doping of heteroepitaxial diamond films grown on
iridium.™" 18 The two overlayers involved in the diode devices were highly (p+; 1-8x10% boron
atoms per cm®) and low (p-; 4x10™- 1x10" boron atoms per cm®) doped epitaxial layers, a few
microns thick. Up to now, only one study reported on phosphorous doping performed on
heteroepitaxial diamond. The phosphorous incorporation in this overlayer, 1 micron thick, was 2x10"
phosphorous atoms per cm®.*7]

Heteroepitaxial circular islands were grown onto iridium after a patterning by an inductively coupled
plasma - reactive ion etching (ICP-RIE) treatment of the nucleation layer created under BEN."Y Sj
incorporation in (100) oriented diamond was favored via a silicon wafer located in the MPCVD
plasma. Among SiV color centers detected by confocal microscopy, some exhibited a narrow zero
phonon line corresponding to single color centers. In parallel, NV centers were created within
heteroepitaxial diamond films grown onto off axis 3C-SiC/Si (111) by adding nitrogen in the gas
phase.’® A preferential alignment of NV along the [111] direction was demonstrated by optically
detected magnetic resonance (ODMR). Such behavior is suitable for enhancing sensitivity of
temperature sensors.?

2.2.6 Progress in substrate up-scaling

Upscaling the iridium terminated substrate is a real challenge to address applications that require large
substrates, often for reasons of compatibility with existing wafer processing equipment already in
place in industry and for cost reductions. This is particularly true in the field of electronic devices. The
medium-term objective will be to reach sizes of at least 2 inches to consider processes on multiple
substrates at the same time. Although the size of the substrates is important, it only makes sense if the
desired properties are homogeneous over the entire surface of the wafer and if the reproducibility of
the deposits is high.



With regard to the availability of large-scale heterosubstrates, the introduction of multilayer substrates
is a major advance because it allows one or more successive epitaxial growth steps to be carried out on
silicon, MgO or sapphire wafers to obtain an epitaxial iridium layer. The size extension then depends
on the commercial availability of the starting wafer (12 inch for silicon, 8 inch for sapphire, 2 inch for
MgO).

If the availability of heterosubstrates is no longer a limitation, the main bottleneck is the nucleation
stage. Today, the only pretreatment that allows epitaxy of diamond on iridium is the BEN step
presented in part 2.2.2. This has the effect of creating a zone of space similar to a cathodic sheath
above the substrate in which certain species are accelerated. The usual process parameters are not
sufficient to reproduce this step in another reactor because the formation and properties of this space
zone are intimately linked to the internal geometry of the reactor, the geometry of the substrate holder,
the nature of the materials used, etc. Each research group has optimized its homemade system and
process parameters in an attempt to enlarge the area impacted by the BEN. This task is all the more
difficult as the parametric window to obtain epitaxial nucleation conditions is very narrow!>.
Yoshikawa et al. proposed a method based on incremental modifications of the substrate holder by
adding a ring to enlarge the size of the BEN area. This method is promising and has led to the
formation of a film on almost the entire 2-inch substrate.!*>*

The results obtained over the last few years are very significant and have made it possible to obtain
films on much larger surfaces. Using a MgO substrate with the micro-needle concept, Aida et al. have
obtained freestanding heteroepitaxial diamond film of 10x10mm? which exhibits a 0.07° FWHM of
the diamond (004) reflection™. Lee et al. have used a scalable SrTiO4/Si(100) substrate and produce
a 7x7 mm? homogeneous heteroepitaxial film.**®! A silicon based heteroepitaxially grown diamond
substrate of 10 mm in diameter has been produced to fabricate Schottky diodes; the FWHM of the
substrate rocking curve is around 0.17° (600 arcsec)™®. A freestanding heteroepitaxial diamond
crystal with almost a circular shape with a dimension of 92 mm in pseudo-diameter has been obtained
by Schreck et al. from Ir/YSZ/Si(100) with a FWHM of 0.064°+- 0.011° ((004) diamond reflection)
and a high uniformity over two directions of the wafer (Figure 6).1*?
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Figure 6. (A) Freestanding unpolished diamond single crystal synthesized by heteroepitaxy on
Ir/'YSZ/Si(0 0 1). The thickness of the disc is 1.6 + 0.25 mm and its weight is 155 carat™". (B)
FWHM values of two series of rocking curves measured along two perpendicular lines across the
wafer. The average FWHM is 0.064 + 0.011°. For the corresponding azimuthal scans [Dia(3 1 1)] a
value of 0.12 + 0.04° was obtained "2, (C) Average width of rocking curves ¥ plotted in the graph
redrawn from Ref. ") YSZ, yttria stabilized zirconia; FWHM, full widths at half maximum. More
details are provided in the following reference. ™2 Reproduced with permission. Copyright 2018,
Elsevier.

This shows that the maturity of heteroepitaxial diamond material is progressing quickly, as shown by
the creation in 2015 of the company Audiatec from Germany, which markets heteroepitaxial diamond
substrates for various applications and Adamant Namiki Precision Jewel company from Japan, which
produces freestanding heteroepitaxial diamond films and targets large area wafers.

2.2.7 Applications of heteroepitaxial films



Many applications require films of very high crystalline quality because the presence of structural
defects leads to a degradation of certain properties and therefore a reduction in expected performances.
Although the crystalline quality of heteroepitaxial films is still far behind the quality of single crystals
obtained by homeoepitaxy, the maturity of the material and recent progress have made it possible to
integrate this material to carry out the first proofs of concept in various application fields. The path is
promising as studies are focused on improving the crystalline quality and also the substrate upscaling
which makes this material very credible for developing future high performance devices.

Diamond is an ideal material to monochromatize neutrons. As the beam is slightly divergent, the
compromise between intensity and resolution requires crystals with a mosaic spread between 0.2° to
0.8°. Heteroepitaxial diamond film is thus an excellent candidate for this application. Fischer et al.
have studied in detail the spatial distribution of the mosaic structure of heteroepitaxial diamond films
with a size of 15x15x1mm®.*® |n 2014, a first prototype composed of 16 crystal stacks with a mosaic
spread between 0.25° and 0.30° has been evaluated at Institut Laue-Langevin. The proof of concept is
demonstrated and they identified a limiting factor related to the non-uniformity of the spatial mosaic
distribution.[***!

Heteroepitaxial diamond films have also a strong potential for particle detection because they allow
large detectors. Berdermann et al. have evaluated heteroepitaxial diamond for large-area particle
detectors®?. The thin heteroepitaxial films they characterized are approaching the performance of
single crystal diamond but the charge collection efficiency (CCE) for electron is lower and worse for
thick films.

Power electronics is a very promising field for heteroepitaxial diamond but difficult to achieve
because the crystalline quality of the films must be high enough to exploit the remarkable transport
properties of diamond. In 2014 and 2015, the first electronic devices from heteroepitaxial films were
produced: Takeuchi et al. have fabricated and characterized p-i-n diodes ™" and Kawashima et al.
have produced Schottky barrier diodes™® with a high rectification ratio above 10% at +/- 4V, an
ideality factor of 1.2 and a breakdown field around 1 MV/cm. In 2018, Syamsul et al. have explored
the potential of heteroepitaxial diamond for FET for high voltage applications.™**"

The realization of diamond-based photonic devices also requires high quality substrates on which
heteroepitaxial films could be used with the advantage of large wafer sizes and the possibility of
integrating thin films which are essential for photonic systems that confine light. The potential of
heteroepitaxial films for quantum applications based on color centers like nitrogen vacancy (NV) or
silicon vacancy (SiV) hosted in diamond is therefore significant. Indeed, this material presents a high
crystalline quality and large sizes, at lower cost compared to homoepitaxial diamond and is suitable
for future quantum devices as highlighted by Schroder et al. in their study on quantum nanophotonics
in diamond . In 2016, Arend et al. have demonstrated a bottom-up approach to fabricate
heteroepitaxial nano-structure array containing single SiV center™™. In 2018, Yaita et al.
demonstrated preferentially aligned NV centers on heteroepitaxial (111) diamond film having a spin
coherence time (T,) of 6ps comparable with homoepitaxial (111) diamond films.!**? A coherence time
(T>) of 5us has been reported on (100) heteroepitaxial film in 2019 by Nelz et al.™®!

3. Current investigations (last reports 2020-2021)
3.1 Homoepitaxy
3.1.1. Growth at enhanced pressures

While typical pressures for SCD growth regimes in microwave plasma are currently within 100-400
Torr, a transition to much high pressures promises enhanced growth rates. The plasma stability at
higher pressures, up to 600 Torr in CH4-H, gas mixtures was demonstrated by Bolshakov et al.'*4. A
strong change of the plasma shape and volume (the latter shrinks by 10 times at fixed MW power)
with pressure rise from 100 to 600 Torr was observed, leading to a very high absorbed MW power
density of ~1800 W/cm?®. The diamond growth rate was found to increase by an order of magnitude



with the pressure to achieve ~60 um/h at 500 Torr even at relatively low (4%) CH, concentration. The
result can be regarded as a step towards atmospheric pressure MPCVD reactors, which have enhanced
deposition rates and a less leakage in the vacuum system due to a decrease in pressure difference
inside and outside the reactor. On the other hand, because of strong compression of the plasma cloud
the high-pressure regime probably is not suitable for growth on multiple substrates which is preferable
for an economically viable process.

3.2.2. Growth of thick crystals

Non-stop growth of diamond crystals with thickness significantly larger than 1 mm is difficult to
realize as the increased size of the crystal causes a change of local process parameters such as the film-
on-seed temperature and even plasma configuration. The vertical temperature gradient on the crystal
edge can be well in excess of 100°C™*®%l. In addition, a polycrystalline diamond forms around the top
surface of the substrate that also affects the thermal balance of the crystal and may induce a stress in it.
As a partial solution, “repetitive growth” is used with periodical growth stops and resumptions. As an
example, single crystals with thickness of up to 10 mm (4.65 ct) were produced in this way by Mokuno
et al.™! A drawback of the approach is not only a complexity of the procedure but also formation of
defects and enhanced impurity concentration on the interfaces between successive layers.[*® 1!
Recently Yamada et al.*®"! succeeded in non-stop synthesis of ~6 mm thick crystal combining two
ideas: (i) the undesired polycrystalline diamond growth on edges was partially suppressed by
introducing oxygen into the source gas mixture, and (ii) a movable stage was introduced to
continuously control distance from the top-surface of the plasma and core discharge during the
process. Measurement of birefringence (An mapping) confirmed absence of non-uniformity across the
crystal’s depth. The approach actually was demonstrated for nitrogen doped-diamond, but should work
also for production of high purity crystals (without adding N, in gas). The largest CVD diamond ever
produced, of 46.2-carat rough, has been created by Shanghai Zhengshi Technology Co in 2020.12¢!

3.2 Heteroepitaxy
3.2.1 Last insights into nucleation

A new substrate was very recently reported for heteroepitaxial (111) diamond. Indeed, (111) oriented
diamond crystallites were obtained by BEN with a direct-current discharge on Ru (0001) epitaxially
grown onto c-sapphire in an antenna edge type MPCVD.™®! The measured epitaxial relationship is
[111] diamond // [0001] Ru and [112] diamond // [1010] Ru. In the perspective of large diamond (111)
wafer production, ruthenium is a cheaper substrate compared to iridium.

The adsorption and desorption mechanisms of carbon atoms taking place at the iridium (100) surface
were recently investigated by density functional theory (DFT).® According to these simulations,
without applied bias, carbon and iridium atoms can strongly interact to form covalent bonds according
to charge density mapping. Such interaction may occur locally and lead to a metastable Ir-C solid
solution. Moreover, DFT calculations show that carbon-iridium bonds exhibit a sp* configuration.
BEN induces a shallow carbon implantation into the iridium lattice via a dissolution precipitation
mechanism. Carbon atoms can be desorbed to the surface vicinity. Under the flux of carbon species,
rearrangement of sp® nucleus may occur. According to simulations, a window of bias voltage seems to
be more favorable to diamond nucleation. In comparison, calculations do not support such a
dissolution precipitation mechanism on copper or nickel (100) substrates. This study well illustrates
the unique behavior of iridium for diamond heteroepitaxy.

HRTEM observations demonstrate the presence of nanometric diamond crystals at the iridium surface
after BEN (Figure 7)."®Y The STEM-electron energy loss (EELS) spectrum recorded at carbon K
edge confirms the diamond signature (Figure 4c). Fast Fourier Transforms (insert Figure 4a, b)
showed a perfect orientation of the nanocrystal along the <110> zone axis with the epitaxial
relationship diamond (002) [220] // iridium (002) [220]. This HRTEM report shows for the first time
that such diamond crystals can be stable under BEN conditions. An in plane tensile strain of +7% is
measured, huge compared to the one that can be underwent by bulk diamond (< 1%). This value is in
the same order of magnitude as local tensile strain measured in diamond needles.™*™


https://www.diamonds.net/news/NewsItem.aspx?ArticleID=65787
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Figure 7. (a) HRTEM picture of an epitaxial diamond nanocrystal after BEN; (b) Fast Fourier
Transform of the diamond nanocrystal; (c) C-K EELS spectrum recorded on such a nanocrystal.
Reproduced with permission.™®Y Copyright 2020, Elsevier.

A complete review of TEM investigations performed on different diamond materials appeared
recently."” This paper particularly highlights benefits of TEM techniques in heteroepitaxy: from
nucleation and interface characterization to studies of structural defects formation and dislocation
propagation during growth.

Further progresses in heteroepitaxy, like improvement of the crystalline quality and the up-scaling
control, may be possible by a deeper knowledge of nucleation kinetics. To monitor the nuclei
formation and coalescence of nuclei at the early stages, in situ tools are required. Laser reflectometry,
sensitive to the tridimensional growth mode, allowed a real time monitoring of nucleation on
silicon."? Such an approach is hardly applicable to iridium due to the pseudo 2D structure of domains
formed during BEN and the iridium surface roughening. The same conclusion can be drawn for the
evolution of the bias current during BEN. It is also sensitive to the tridimensional mode observed on
silicon or cubic silicon carbide and can be used for in situ nucleation monitoring on these
substrates.™®! Delchevalrie et al showed recently the sensitivity of spectroscopic ellipsometry to
domains formed during BEN on iridium.™™ Indeed, this technique probes optical index differences at
interfaces. This contribution can be discriminated from the one related to the iridium surface
roughening. These sequential ex situ characterizations pave the way to an in situ monitoring of
diamond nucleation on iridium by spectroscopic ellipsometry.

3.2.2  Recent progress on dislocation reduction and structural quality improvement

The reduction of the dislocation density is still a challenge as it is certainly the most limiting factor for
the development of applications integrating heteroepitaxial films. Efforts are continuing, recently
Mehmel et al. have created in a heteroepitaxial film hole array of 500x500pm? by laser and studied
the dislocation propagation bending according to lateral to normal growth rate which is the key
parameter 74, They obtained, in the closed hole, dislocation density as low as 6.10° cm™. Concerning
the dislocation density, a non-destructive method of dislocations imaging for low boron doped
diamond epilayer have been published recently™ and could be potentially applied to heteroepitaxial
diamond films.

The quality of heteroepitaxial films continues to improve, as evidenced in a recent study by Kim et al.
where they synthesized a 1-inch free standing heteroepitaxial diamond wafer from sapphire (a-plane)
with remarkable structural properties: FWHM of the X-ray rocking curve for diamond (004) is 113.4
arc sec (0.031°) which is one of the lowest values reported and a dislocation density of 1.4 10" cm’
2171 |n the earlier reports, Ichikawa et al reported tilt and twist values of 0.064° and 0.043°,



respectively and a dislocation density of 9 10° cm™.? For Schreck et al., the minimum dislocation
density was 7 10° cm™ and tilt and twist values of 0.03° and 0.05°, respectively.*"”!

Another challenge concerns the substrate size enlargement which is limited by the nucleation stage
which remains difficult to apply in a controlled way on large surfaces and which is very dependent on
the reactor considered. In situ diagnostic techniques have recently been published and may allow
faster progress towards a more detailed understanding and control of the key mechanisms and key
parameters involved in the BEN stage.[*'8 173 178!

3.2.3 Recent reports on impurities incorporation in heteroepitaxial diamond

Three other research groups reported on boron doping of heteroepitaxial diamond during the last year.
First, a low boron doped overlayer (p-; 1.3 x10™ boron atoms per cm®, 1.6 microns thick), was
epitaxially grown onto a freestanding polished diamond grown by the same group on a Ir/SrTiO4/Si
(001) substrate. **!) The fabrication of lateral Schottky diodes over this substrate exhibits a high
reproducibility for devices and the Schottky barrier height is in line with that measured for
homoepitaxial diamond.

Two other groups started with a commercial freestanding heteroepitaxial diamond from Adamant
Namiki Precision Jewel Co., Ltd. Electrical properties of several boron doped diamond epilayers were
investigated. Hole concentrations were tuned from 1.1 x 10*°to 5 x 10*° per cm® at room temperature
by increasing the boron concentration.’” The doped epilayer with a boron concentration of 1 x 10%
atoms per cm® shows a mobility of 390 cm? VV* s according to Hall measurements. Such a value is
intermediate compared to similar doped epilayer grown on homoepitaxial diamond (Figure 8).
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Figure 8. Hole mobility measured at 300 K versus the boron concentration for heteroepitaxial
diamond compared to homoepitaxial diamond. Reproduced with permission.””® Copyright 2020,
Wiley-VCH GmbH.

More recently, to fabricate Schottky diodes, two boron doped p+ and p- overlayers, both 1 micron
thick, were grown on this commercial heteroepitaxial diamond with boron concentrations of 1 x 10%
and 1 x10" boron atoms per cm®, respectively."® Diode performances were significantly affected by
dislocations, with a reduced breakdown field. Further improvements of the heteroepitaxial material are
necessary. A p+/p- structure was deposited by a second group on heteroepitaxial diamond from the
same provider (Adamant Namiki Precision Jewel Co., Ltd). The highly boron doped layer (2.5 x 10%
boron atoms per cm®) contains W impurities. Indeed, the presence of W atoms has a strong effect on
the reduction of dislocation density (two orders of magnitude) during diamond growth of
homoepitaxial diamond layers by hot filament CVD.[*! The behavior of these diodes is very close to



those measured for CVD or HPHT diamond substrates. This group measured the highest breakdown
voltage ever reported for heteroepitaxial diamond (375 V)8!

Concerning color center applications, single native NV centers were detected for the first time in
heteroepitaxial diamond from Audiatec (Augsburg Diamond Technology GmbH) with a density of 1
NV per um®.*# These NV centers are embedded in an ensemble of SiV centers. NV centers located
close to the growth face exhibit the same performances (photoluminescence lifetime) than NV in
diamond single crystals. A shallow nitrogen implantation and a further annealing permit generatation
of NV centers within the 10 first nm. A surface nanostructuring allows fabrication of nanopillars
containing NV centers. This study confirms the high potential of heteroepitaxial diamond for quantum
devices on a large scale.

3.2.4 Recent trends in applications

Over the last few years, several heterosubstrates are being studied and developed in parallel with
different layer building strategies to improve the crystalline quality of heteroepitaxial films. The
maturity of the heteroepitaxial diamond has reached a stage where it is now possible to integrate it to
fabricate the first devices and thus be able to measure and to benchmark their performances. A
Schottky diode fabricated on sapphire base substrate was demonstrated by Kwak et al. with an ideality
factor of 1.4 and a maximum breakdown field of 1.1 MV/cm "%, J.C. Arnault et al. have successfully
fabricated lateral Schottky diodes from Ir/SrTiO4/Si(100) substrate and obtained |-V characteristics
evidenced a yield of working diodes equal to 92% (on the same substrate of 7x7mm?), close to that
obtained for diodes on homoepitaxial films. To reduce the dislocation density, the metal impurity-
incorporated buffer layer was integrated to fabricate pseudo-vertical Schottky diodes by Sittimart et al.
I8 The rectification ratio exceeds eight orders of magnitude and the breakdown field strength was
1.7 MV/cm. Murooka et al. have demonstrated and characterized Schottky diodes on heteroepitaxial
films grown on 3C-SiC/Si substrates "®3! and obtained a rectification ratio above 10° at +-5V.
MOSFET have been recently developed by Saha et al " with a Baliga’s Figure-Of-Merits of 145
MW/cm? and inversion channel MOSFET by Zhang et al. *®). Recently, modulation-doped diamond
FETs have been achieved using NO, delta doping in Al,O; gate layer associated with a mobility of
2465 cm®.V*.s™ near the threshold voltage "%,

These recent developments demonstrate the maturity reached by the heteroepitaxial diamond and its
potential for the development of lower cost devices given the increasing size of the substrates. The
presence of structural defects and dislocations in particular remains the most limiting element.

4. Conclusion and future trends

Homoepitaxial and heteroepitaxial diamond thin films, plates and crystals produced by MPCVD
already possess properties acceptable for many applications, especially for realization of electronic
and photonic devices and components. Further improvement of CVD diamond quality and size (and
production cost) are of primary importance to further open the potential of this material for different
applications and technologies. The homoepitaxial films surpass the heteroepitaxial ones in quality, the
latter having advantage of much larger size, with diameter approaching to 4 inches, however suffering
from high stress. Dislocation density in homoepitaxial diamond varies between 10° cm™ to 10" cm?,
while for the films on Ir substrate it is still higher, from to 10" cm 2 to 10" cm2.*%2 The latest reports
look promising to further reduce dislocation density in the 10° cm™ for heteroepitaxial diamond.*""
Note that HPHT diamond has a more perfect structure (dislocation density of 10° to 10" cm?) but
contains more nitrogen impurities, and its size is limited.™ Currently, because of specific features of
the homoepitaxial and heteroepitaxial diamonds, they have own fields of applications, which,
however, significantly cross each other.

Ultrapure low-strain homoepitaxial diamond films and plates of “quantum grade” are ideal to engineer
various color centers with very narrow luminescence line even for large ensembles of the emitters.
Radiation detectors require very high quality to obtain high mobility and long life-time of carriers, this
is easier to realize on homoepitaxial films and plates. The detectors of different sorts, including
multipixel sensors, were built on homoepitaxial samples, all on a single piece of diamond only, not on



large size mosaics. Position sensitive detectors needed for monitoring large aperture radiation fluxes
require at least inch-scale electronic grade diamond wafers, either mosaics crystals or heteroepitaxial
plates. Recent measurements of Diamond-on-Iridium (DOI) sensors on synchrotrons reveal that, in
many aspects, the performance of those devices was quite similar to that of homoepitaxial counters,
and in any case far superior to that of long time developed polycrystalline detectors’® and may
approach to properties of homoepitaxial films.

In the case of homoepitaxy the problem of crystal enlargement was most often focused on the lateral
size increase, particularly by side growth. Now, with construction of substrate holders capable of Z-
moving to keep the crystal-plasma distance constant, a way opened to produce very thick (more than
10 mm) diamond crystals. It is not excluded that in future it will be the vertical dimension which
would determine the largest size of such crystals, and the crystal will approach 1 inch scale, at least
vertically. Only homoepitaxial crystals were used so far for making diamond Raman lasers because of
their low dislocation density coupled to large enough size and purity. The DRL reached 1 kW level,
and a perspective to further increase the output power could be related to use of isotopically modified
crystals (with isotope **C content better than 99.9%) which have enhanced thermal conductivity.

In the field of electronic devices, the—activity—on use of homoepitaxial films is far more advanced
compared to heteroepitaxial diamond. The reasons are the long years of experimental work with the
former, and continuing better quality. While both p-type and n-type doping were developed for
homoepitaxial films, practically only boron doping was studied till now for heteroepitaxial films, and
Schottky diodes were fabricated on B-doped diamond. P-i-n structures require also doping with
phosphorus which was reported for heteroepitaxial films only in one study. The interest in n-doping is
likelyt to grow rapidly in view of recent improvement in quality of heteroepitaxial diamond. There is a
hope that with a further progress in understanding of growth process (including substrate pretreatment)
and deposition technology, the gap in properties between the material produced by two the methods of
epitaxy will narrow in the future.
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