Chapter 1

Homoepitaxial Diamond Growth

by Plasma-Enhanced Chemical Vapor
Deposition

Norio Tokuda

Abstract Both carbon and silicon are group IV members, but carbon has the
smaller atomic number. Diamond, with the same crystalline structure as that of
silicon, is expected to act as the basic material for the next generation of high-power
electronic, optoelectronic, bio/chemical electronic, quantum computing devices,
etc. This is because diamond exhibits electrical properties similar to those of silicon,
while having superior physical properties. In this chapter, the author reviewed and
discussed the homoepitaxial growth of high-quality single-crystal diamond films
with atomically flat surfaces, by using plasma-enhanced chemical vapor deposition
(PECVD).

1.1 Introduction

Growth of diamond films by chemical vapor deposition (CVD), which has been
studied since the 1950s, must be conducted under nonequilibrium conditions. This
is because under normal conditions, graphite is a more stable phase of carbon than
diamond. Furthermore, during the CVD process, hydrogen radicals (atomic
hydrogen) must be present to remove nondiamond carbon, including graphite which
is formed on the diamond surface. The hydrogen radicals are generated either by
thermal dissociation on a hot filament of W or Ta, or in plasma by electron impact,
collisional energy transfer, etc. In plasma, the external energy input couples directly
to free electrons, producing hydrogen radicals via

Hy+e —2H+e . (L.1)
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Methane is commonly used as the carbon source for CVD diamond growth.
Activated CH, (x = 0, 1, 2, 3) species are formed by hydrogen abstraction reac-
tions; for example, hydrogen radicals may produce methyl radicals from methane:

H + CH4; — CHj3; + Hs,. (1.2)

Then, recombination of the methyl radicals induces to form activated C,H,
(y=0,1,2,3,4,5, 6) species:

CH; +CH; +M — CHg +M (1.3)
CH, +H+M « CH, | + H, + M, (1.4)

where M is a third body. The CH, and C,H, radicals are regarded as precursors for
diamond growth during the CVD process, as shown in Fig. 1.1 [1-8]. Thus, radicals
play an important role in CVD diamond growth; this differs from the other semi-
conductor films’ growth conducted by nonplasma processes such as thermal CVD
and molecular beam epitaxy.

Hot-filament CVD has been applied to large-scale industrial processes because
of its simple system configuration and ability to coat large areas and complex
shapes. However, hot-filament CVD of diamond films must be carried out at lower
gas temperatures and pressures than those of plasma CVD because of the upper
temperature limit of the filament materials and the low production rate of hydrogen
radicals. This leads to relatively low growth rates of diamond films compared to

Fig. 1.1 Schematic of CVD
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diamond growth by plasma-enhanced CVD (PECVD). Recently, homoepitaxial
diamond growth rates of >100 um/h by PECVD have been reported [9-15].
Additionally, both p- and n-type diamond films have been reproducibly grown by
PECVD [16-42]. Therefore, the diamond films used in diamond electronic devices
were grown by PECVD [43-75].

In this chapter, recent studies on homoepitaxial diamond growth by PECVD are
reviewed. Additionally, impurity doping into diamond and the growth of atomically
flat diamond surfaces are described.

1.2 Growth Mechanism

More than a decade has passed since PECVD of diamonds was established. Since
then, many experimental and theoretical studies have been reported. Diamond
growth by PECVD is not driven by thermodynamics but by the chemistry and
kinetics of vapor phase and surface reactions. To elucidate the diamond growth
mechanism during PECVD, both vapor-phase and surface reactions need to be
understood. Evaluations of the vapor phase have been based on optical emission
spectroscopy (OES) and mass spectrometry (MS) [76-83]. Here, as described in
Sect. 1.1, the production and diffusion of hydrogen, CH, radicals, and C,H, rad-
icals are key processes, as shown in Fig. 1.1. Recently, the distributions of the
radical, gas, and electron temperatures in plasmas have been simulated [84-94].
The simulation results provide some information on vapor-phase reactions in the
CVD diamond process, but microscopic experimental results are still needed. Those
radicals that arrive at diamond surfaces migrate and react with hydrogen, termi-
nating the surface and/or carbon. It is extremely challenging to identify the involved
processes because of the difficulty of conducting in situ characterizations in plasma
environments. In this section, the author reviewed only those aspects of diamond
surface chemistry that pertain to chemical reactions of hydrogen radicals and dia-
mond precursors (CH, and C,H, radicals).

1.2.1 Hydrogen

During diamond growth by PECVD, the diamond surfaces are continuously
bombarded with hydrogen radicals. While under typical growth conditions, the
hydrogen concentration is 95 % or higher (the hydrogen concentration is defined as
the ratio of hydrogen flow rate to total gas flow rate). Consequently, most diamond
surfaces are terminated by hydrogen and cannot react with diamond precursors.
However, hydrogen radicals abstract the hydrogen from terminated diamond sur-
faces, C4—H, to form an active site, Cg°:
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(hydrogen abstraction) Cai—H+H — Cyg +H,. (1.5)

Then, the active site contributes to the diamond growth, but there is also a large
possibility that, the active site again reacts with a hydrogen radical and is terminated
again with hydrogen.

(hydrogen adsorption) Cy +H— Cy—H. (1.6)

During diamond growth by PECVD, the fraction of active sites is determined by
the dynamic equilibrium between chemical reactions (1.5) and (1.6). The diamond
surfaces after the hydrogen plasma treatment and diamond growth by PECVD are
terminated by hydrogen, as shown in Fig. 1.2.

Hydrogen radicals also play a role in the growth of high-quality diamond films by
removing nondiamond carbon. Diamond is etched by reactions with hydrogen rad-
icals, although the etching rate is lower than that of nondiamond carbon. The diamond
etching rates by hydrogen radicals depend on the structures on the diamond surface:
monohydride (CH), dihydride (CH,), and trihydride (CH3). Chen et al. proposed that
the diamond etching rates, R, by hydrogen radicals are R,ononydride < Rainyaride < Riri-
nyaride [95]. They also reported that {111 }-oriented facets form on both single-crystal
diamond {110} and {100} surfaces by anisotropic etching. Thus, diamond growth by
PECVD is accompanied by the reactions of hydrogen abstraction (1.5) and adsorption
(1.6) and by anisotropic etching on diamond surfaces, which limits chemisorption of
diamond precursors and diamond nucleation.

1.2.2 Carbon

As described in Sect. 1.2.1, diamond surfaces are nearly fully terminated by
hydrogen during diamond growth by PECVD. Chemisorption by diamond pre-
cursors occurs not at hydrogen-terminated sites but at active sites, which are
hydrogen-abstracted sites:

(CHj; radical chemisorption) Cg4+ + CH3 — C4 — CHj. (1.7)

The chemisorbed structure is a trihydride, which is readily etched by hydrogen
radicals. Structures composed of monohydrides and/or dihydrides may need to
nucleate on diamond surfaces during PECVD. Observation of the growth surface is
crucial for elucidation of the growth mechanism because the growth process
influences the structure of the growth surface. Scanning probe microscopy (SPM),
low-energy electron diffraction (LEED), Fourier transform-infrared spectroscopy
(FT-IR), and electron energy loss spectroscopy (EELS) provides physical and
chemical information on surfaces at the atomic level, and are powerful tools for the
study of diamond CVD growth. Results from such techniques reveal that as-grown
diamond {100} and {111} surfaces have 2 x 1:H reconstructed structures with
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Fig. 1.2 Hydrogen-
terminated diamond {100},
{110}, and {111} surfaces.

a H-terminated diamond
{100} surface.

b H-terminated diamond
{110} surface. ¢ H-terminated
diamond {111} surface

carbon dimer rows and 1 x 1:H structures, respectively [96—108]. Nevertheless, at
present, the mechanism of diamond growth by PECVD is still not well-understood
because of the difficulty of in situ observations.

1.3 Growth Modes

To realize diamond-based electronics, a growth technique is needed for producing
device-grade diamond films. As described in Sect. 1.2, the growth mechanism of
diamond films by PECVD remains poorly understood because of the difficulty of
in situ characterization in plasma environments [109]. Additionally, the control
of dynamic characterizations on well-defined surfaces, such as a scanning electron
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or probe microscope-molecular beam epitaxy system used for Si [110], GaAs [111],
and GaN [112], is needed to elucidate the growth mode of PECVD diamond films.

Figure 1.3 illustrates a simplified model for the determination of growth modes
by an alternative to in situ characterizations [113, 114]. Figure 1.3 illustrates the
surface steps present on an ideal surface of an as-received diamond substrate after
the formation of a mesa structure due to a misoriented angle between the basal
plane and polished surface. Then, homoepitaxial growth is carried out under a
lateral growth mode without 2D nucleation on terraces, as described below. Each
atomic step on the mesa surface grows laterally. Under ideal conditions in which
2D terrace nucleation is completely suppressed, there would be no further growth
perpendicular to the basal plane. Finally, a step-free surface is formed over the mesa
surface, leaving the basal plane surface. In 2D island growth, new steps are formed
by nucleation on the terraces during lateral growth. Finally, a surface with single
atomic steps and atomically flat terraces is formed on the mesa surface. The interval
between the formed islands is wider than the terrace width estimated from the
misoriented angle of the substrate. In 3D growth, the interval between the formed
islands is narrower than the terrace width estimated from the misoriented angle. As
a result, the surface is very rough. In addition, this mesa structure eliminates the
influence of abnormal growth, such as spiral growth induced by screw dislocations
from trench bottoms. Thus, diamond growth modes can be determined from ex situ
surface observations of diamond films grown on mesa surfaces.

Figure 1.4 shows atomic force microscopy (AFM) images of diamond {111}
mesa surfaces before and after homoepitaxial growth by PECVD. For diamond
growth at low methane concentrations (0.005-0.025 % CH,/(H,+CH,) ratio), a
step-free surface, that is, a perfectly flat surface without any atomic steps, was
formed on the mesa. This result shows that the growth mode of the homoepitaxial
diamond {111} films was an ideal lateral growth without 2D terrace nucleation. For
diamond growth at middle methane concentrations (0.05-0.25 % CH4/(H,+CHy)
ratio), equilateral-triangular islands and/or single bi-atomic layer step/terrace
structures on atomically flat surfaces were formed on the mesa. This shows that the
growth mode of the homoepitaxial diamond {111} films is 2D island growth with
2D terrace nucleation and lateral growth. Additionally, the formation of equilateral-
triangular islands shows that the diamond growth had extremely high selectivity.
For diamond growth at high methane concentrations (>0.25 % CH4/(H,+CH,)
ratio), the film surface, whose RMS value was 0.84 nm, is much rougher than the
initial surface before growth (RMS = 0.44 nm). This shows that the growth mode
for the homoepitaxial diamond {111} films is 3D growth.

Variations in methane concentrations give rise to different fluxes of hydrocarbon
precursors arriving at the surface. This is because growth rates increase with
methane concentration. Since the substrates used for growth have the same miso-
riented angle, the concentrations of adatoms on terraces increase with higher
methane concentrations. When the flux is low, adatoms on a terrace remain below
the critical size for 2D terrace nucleation. Adatoms, which are adsorbed precursors
on the diamond surface, arriving at steps crystallize, resulting in step-edge growth
(no 2D terrace nucleation).
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In the middle methane concentration region, the adatom concentration increases
and passes the critical value needed for 2D nucleation. Adatoms can cluster more
easily on terraces because of their higher population. This causes 2D nucleation on
terraces. As the methane concentration is increased further (into the high methane
concentration region), adatoms form clusters as soon as they land on surfaces from
the gas phase. This causes surface roughening because of 3D growth. This growth
mechanism is a common process in thermal CVD and MBE. Despite the extremely
short migration length, the common mechanism may also apply to PECVD dia-
mond {111} growth because of the formation of atomically flat surfaces of diamond
films.

1.4 Doping

For the realization of diamond-based electronic devices, doping acceptor and donor
impurities into diamond is necessary to control the carrier type and concentration
and to control the electrical resistivity of diamond semiconductors. Nitrogen is the
most common impurity in diamond. Nitrogen is likely to form several types of
complexes with vacancies. Recently, the nitrogen-vacancy (N-V) center in dia-
mond has attracted much attention as a promising solid-state spin system for
quantum information and sensing applications [71, 115-123]. However, as a donor,
nitrogen in diamond has a high activation energy of 1.7 eV, which is higher than the
bandgap of silicon (1.1 eV). The resistivity of nitrogen-doped diamond is extremely
high at room temperature because of the extremely low concentration of thermally
activated electrons. Generally, boron and phosphorus are used as p- and n-type
dopants of diamond semiconductors, respectively. The activation energies of boron-
and phosphorus-doped diamond are 0.37 and 0.57 eV, respectively, which are
lower than that of nitrogen-doped diamond. However, compared with boron- and
phosphorus-doped silicon, the resistivity of doped diamond is still too high, as
shown in Fig. 1.5. Although other dopants with lower activation energies have been
investigated, reproducibility has not yet been obtained.

Doping into diamond is carried out by HPHT, PECVD, and ion implantation
[124-129]. Recently, Bormashov et al. reported that boron-doped {100} diamond
without any extended defect. It was synthesized by HPHT and showed the high Hall
hole mobility of 2,200 cm?/V s at 300 K and 7,200 cm?/V s at 180 K [130]. For
device fabrication, doped diamond films are mostly grown on HPHT or CVD dia-
mond substrates by PECVD because doping by PECVD provides both p- and n-type
diamond with controlling concentrations of impurities. During homoepitaxial dia-
mond growth by PECVD boron and phosphorus doping is carried out by introducing
diborane (or trimethylboron) and phosphine (or tertiarybutylphosphine) gases,
respectively. The highest Hall hole and electron mobility of PECVD diamond films
are 1,860 cm?/V s at 290 K [131] and 660 cm?/V s at 300 K [34], respectively.
Carrier mobility decreases with increasing boron or phosphorus concentrations in
diamond films, reducing the resistivity of diamond. For [B] < 10" cm_3, conduction
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is dominated by free holes in the valence band. At higher doping concentrations,
variable-range hopping conduction appears, and then the metal-insulator transition
and superconductivity arise around 3 x 10°° B atoms/cm”® [132—138]. The resistivity
of heavily boron-doped diamond {100} film with 3 x 10°° B atoms/cm® is 10 mQ cm
or less at room temperature [132, 139—141]. In contrast, the resistivity of heavily
phosphorus-doped diamond {111} film with 10°° P atoms/cm? is around 70 Q cm at
room temperature [142]. These can lead to the fabrication of chemical/bio and
electronic devices, such as Schottky barrier diodes, pn-junction diodes, Schottky pn
diodes, JFETS, and bipolar transistors.

1.5 Growth of Atomically Flat Diamond

To realize electronic devices with proper performance characteristics, one of the
most important issues is the roughness of surfaces and interfaces in semiconductor
materials. Device applications of diamond semiconductors require sharp interfaces
at diamond homo- and hetero-junctions. Generally, growth of p- and n-type dia-
mond semiconductors for Schottky contacts and pn junctions, etc., is carried out by
boron and phosphorus doping, respectively, during homoepitaxial diamond growth.
However, growth hillocks, which are macroscopic defects, are often observed on
as-grown diamond surfaces after homoepitaxial diamond growth by PECVD, as
shown in Fig. 1.6. In most cases, even macroscopic flat surfaces excluding hillocks
are not atomically flat, as shown in Fig. 1.7. Therefore, surface flattening of
homoepitaxial diamond films is extremely important.
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Fig. 1.6 OM images of hillocks formed on diamond surfaces after homoepitaxial growth by
PECVD. a Quadrangular hillocks were observed on diamond {100} surfaces and b triangular
hillocks on diamond {111} surfaces

5 [um] 5 [um]

Fig. 1.7 3D AFM images of diamond surfaces, excluding hillocks, after homoepitaxial growth by
PECVD. a The surface roughness (RMS) of the homoepitaxial diamond {100} film was 0.54 nm.
b The surface roughness (RMS) of the homoepitaxial diamond {111} film was 1.68 nm

Surface flattening can be carried out by a polishing process. For example, defect-
free Si wafers with surface flatness at the atomic level can be obtained by chemi-
cal-mechanical polishing. However, as-received diamond substrate surfaces are not
atomically flat; instead, they have a roughness of several nanometers or more after
mechanical polishing, as shown in Fig. 1.8. Compared with as-received Si wafer
surfaces after chemical-mechanical polishing, as shown in Fig. 1.9, diamond sur-
faces are much rougher. Recently, a new technique for diamond surface polishing
has been reported [143-145]. It is expected that surface roughness of diamond
substrates will be reduced to that of Si wafers via some breakthrough diamond
polishing technique. In this section, the author describe the growth of hillock-free,
atomically step/terrace, and step-free diamond films.
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1 [um]

Fig. 1.8 3D AFM image of as-polished single-crystal diamond surface after acid treatment. The
surface roughness (RMS) was 0.44 nm

Fig. 1.9 3D AFM image of as-polished single-crystal Si surface after modified RCA cleaning.
The surface roughness (RMS) was 0.16 nm

1.5.1 Hillock-Free Surfaces

Growth hillocks are often observed on homoepitaxial diamond {100} and {111}
surfaces, as shown in Fig. 1.6. A growth hillock is formed by spiral growth centered
on a screw dislocation core, as shown in Fig. 1.10 [114, 146], and the diamond
surface is increasingly roughened by the growth of hillocks. The spiral growth rate
at a screw dislocation is higher than the normal growth rate on the surface,
excluding such crystal defects. Generally, growth hillocks make device fabrication
difficult; hillocks are related to dielectric breakdown and current leakage in elec-
tronic devices such as pn junctions, Schottky contacts, and MIS structures.
Therefore, it is extremely important to eliminate hillocks from epitaxial diamond
films. The most effective method for achieving hillock-free diamond is to com-
pletely eliminate dislocations from single-crystal diamond. However, dislocation-
free diamond substrates are very expensive compared to common single-crystal
diamond substrates with dislocation densities of 10*~10° cm™2. Alternatively, it is
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3.5

[nm]

0

Fig. 1.10 AFM image of spirally grown diamond {111} film due to screw dislocation. Each step
height was approximately 0.21 nm, which is consistent with the single BL step height of {111}
diamond

(a)  Hillock growth |

Step
HwOCk origin Lateral growth
s

Lateral growth

(b)  ilock suppression by ateral growth

Step
Lateral growth

Mﬂ_g_‘_r_ﬁﬁﬁ

Fig. 1.11 Simplified models of hillock growth and suppression on samples having (a) low and
(b) high misorientation angles @ by lateral growth

possible to eliminate hillocks by homoepitaxial lateral growth on highly misori-
ented diamond substrates. Figure 1.11 shows a simple model for suppressing the
growth of hillocks [141]. The mechanism of hillock formation during diamond
growth is considered to be as follows. The origins of hillocks have a growth rate
higher than those of other areas. A local increase in growth rate due to the defects
observed by transmission electron microscopy, which are dislocations [147] and
twinning structures [148], has been reported. Hence, growth at the origins of hill-
ocks could be suppressed when the growth rate of a normal epitaxial area exceeds
that of hillocks, indicating an enhancement of lateral growth.
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(b)

i

Fig. 1.12 OM images of homoepitaxial diamond film surfaces on single-crystal diamond {100}
substrates with (a) low and (b) high misorientation angles, 6. The low and high values of 8 were
0.2 and 2.2, respectively. The homoepitaxial diamond films were grown under the same conditions
(1,200 W, 50 Torr, 0.6 % CH,/(H,+CH,) ratio, 1.6 % B/C ratio, 70 h) [141]

Figure 1.12 shows the optical microscopy (OM) images of homoepitaxial dia-
mond films grown on diamond {001} substrates with (a) 8 = 0.2° and (b) § = 2.2°.
Hillocks were observed to spread over the entire surface of the low-0 sample, as
shown in Fig. 1.12a. The density and size of the hillocks were 2 x 10* cm™? and
below 200 pum, respectively. The Hillock size increases with film thickness, and
thus, the film surface becomes rough macroscopically. This roughening is a fatal
issue for the additional growth of homoepitaxial diamond films intended for device
fabrication. However, suppression of hillock growth can be achieved by increasing
6 to above 2° [141]. The OM image of the high-8 sample is shown in Fig. 1.12b.
Judging from this image, a hillock-free diamond film with a macroscopically flat
surface was obtained over the entire surface by homoepitaxial lateral growth on
highly misoriented substrates.

1.5.2 Step/Terrace Structures

As described in Sect. 1.5.1, it is possible to obtain a hillock-free diamond film with
a macroscopically flat surface by homoepitaxial lateral growth on a highly miso-
riented substrate. In most cases, the homoepitaxial lateral growth of diamond films
accompanies 2D terrace nucleation. Therefore, macroscopically flat diamond sur-
faces, excluding hillocks, after homoepitaxial growth are not atomically flat but
roughened because of 2D terrace nucleation, as shown in Fig. 1.7. Therefore, it is
necessary to suppress 2D terrace nucleation during homoepitaxial growth by
PECVD.
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Fig. 1.13 AFM image of 0.4
atomically flat diamond

{100} surfaces after

homoepitaxial lateral growth

at a low methane

concentration (0.05 %)

[nm]
0
Fig. 1.14 AFM image of 0.8
atomically flat diamond
{111} surfaces after
homoepitaxial lateral growth
at a low methane
concentration (0.05 %)
[nm]
0

Watanabe et al. successfully formed an atomically flat diamond {100} film over
the entire substrate by homoepitaxial lateral growth at extremely low CH4/H, ratios
[149]. Figure 1.13 shows an AFM image of an atomically flat diamond {100}
surface by such a growth. The step heights were approximately 0.1 nm, which is
consistent with the single atomic step of {100} diamond (0.089 nm), or 0.2 nm,
which is consistent with the bi-atomic step of {100} diamond (2 % 0.089 nm). The
average interval between steps (66 nm) is consistent with the estimated terrace
width from the misorientation angle of the diamond {100} substrate (65 nm).

Atomically flat diamond {111} surfaces were also formed by homoepitaxial
lateral growth, as shown in Fig. 1.14. The step height was approximately 0.2 nm,
which is consistent with the single atomic step of {111} diamond (0.206 nm). The
atomically flat diamond {111} surfaces with step/terrace structures were selectively
formed by lateral growth on a diamond {111} substrate with mesa structures
[150, 151].
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1.5.3 Atomically Step-Free Surfaces

Much effort has been expended on flattening the surfaces of Si, GaAs, SiC, and GaN
at the atomic level; those efforts have led to the achievement of perfectly flat surfaces
without any atomic steps (atomically step-free surfaces) through step-flow growth
without 2D nucleation on terraces [152—156]. The aluminum nitride (AIN)/diamond
heterostructure is expected to combine the features of both wide-bandgap materials,
thereby providing a new scheme for both nitride and diamond devices because they
have opposite tendencies in doping characteristics [157—161]. Hirama et al. reported
that single-crystal AIN {0001} growth on a diamond {111} surface was achieved
[160], but the AIN layer on a diamond {100} surface had a multidomain structure
consisting of tilted and rotated domains [162]. To realize useful devices, high-quality
AIN films on {111} diamond and sharp AIN/diamond {111} interfaces are essential.
For GaN/SiC heterostructures, previous studies have revealed that surface steps
promote extended crystal defects in heteroepitaxial films grown on SiC [163-165].
Bassim et al. reported that very low dislocation densities were achieved in GaN films
on step-free SiC mesa surfaces [166], and ultraviolet luminescence of GaN
pn-junction diodes fabricated on the step-free SiC {0001} surfaces was improved
relative to that on atomically flat SiC surfaces with atomic steps [167]. Thus, the
formation of step-free diamond surfaces is a promising technique for improving the
performance of devices that use diamond heterostructures.

Two methods for the formation of step-free surfaces have been proposed, as
shown in Fig. 1.15. Both methods utilize an ideal lateral growth mode without 2D
terrace nucleation. In method I, a mask, which is not etched and on which no
nucleation occurs in the growth environment, is used for selective growth. Method II,

() (b)

Mesa

Substrate

Step-free

region i

Step-free surface

Lateral growth

Step-free surface

Lateral growth

Fig. 1.15 Simplified models of step-free surface growth using a mask and b maskless processes.
The step-free surfaces of GaAs and GaN were grown using the mask process, while Si, SiC, and
diamond were grown using the maskless process
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Fig. 1.17 OM image of diamond {111} films on single-crystal diamond substrates with
50 x 50 pm? mesas after homoepitaxial lateral growth

in which a mesa structure is used, is a maskless process. Method II should be utilized
for diamond growth by PECVD because, in plasma environments, most materials do
not meet the conditions necessary for the mask. Figure 1.16 shows an OM image of a
{111} diamond substrate surface after mesa fabrication. The array formation of
50 x 50 pm® mesas on single-crystal diamond substrates was carried out through a
conventional lithographic technique. Figure 1.17 shows an OM image of a diamond
{111} surface after homoepitaxial lateral growth by MPCVD. The mesas exhibit one
of the following two characteristics in the OM observations shown in Fig. 1.17: (1)
the surface was featureless; or (2) the surface contained at least one hillock, which
grew spirally on the substrate, as shown in Fig. 1.10. The hillock was induced by a
screw dislocation, as shown in Fig. 1.18 [114, 146]. The featureless mesa surface is
an atomically step-free surface, as shown in Fig. 1.19a. Additionally, the diamond
{111} films with step-free surfaces contained no dislocations, as shown in Fig. 1.20.
Recently, the growth of a 100 x 100 pm? step-free diamond {111} surface has been
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Protect film I ~ Dislocation

Homoepitaxial |
diamond film

Fig. 1.18 Cross-sectional transmission electron microscope (XTEM) image of homoepitaxial
diamond {111} film obtained from the mesa with hillock

(@) (b)

[nm]

1pm

step-free 2D islands

Fig. 1.19 AFM images of a atomically step-free diamond {111} surface and b atomically flat
diamond {111} surface with 2D islands. The 2D islands were composed of atomically flat surfaces
and a single BL step

reported [113, 114]. This indicates the possibility of forming a step-free diamond
surface over a substrate if the substrate contains no dislocation. The author is also
sure that this growth technique will be a key to realize high-quality diamond wafers
which will allow manufacturing high quality interfaces and devices, e.g. high power
devices, deep ultra-violet light-emitting diodes, bio/chemical sensors, quantum
devices, etc.
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Protect film «L—_" /

Protect film

Homoepitaxial |
diamond film

| Homoepitaxial
diamond film

500 nm

Fig. 1.20 XTEM images of homoepitaxial diamond {111} film obtained from featureless mesas

1.6 Conclusions

In this paper, the mechanism and control of homoepitaxial diamond growth by
PECVD was reviewed. Recently, homoepitaxial diamond films have been used to
fabricate many diamond devices. Judging from the reported performance of such
devices, the technology of homoepitaxial diamond growth seems to have reached a
certain level. However, because of the difficulty of in situ characterization in plasma
environments, the growth mechanism remains unclear at present, especially
regarding formation of precursors and their surface reactions. In the future, further
developments of epitaxial diamond growth technology, including impurity doping
and defect control, will be necessary to realize diamond-based electronics.
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