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1. Introduction

With the increasing demand for silicon (Si) electronics in terms of power and
energy considerations, wide bandgap semiconductors have become a viable option,
enabling new device architectures and the use of new semiconductor materials.'
Among these, silicon carbide (SiC) and gallium nitride (GaN)-based devices have
been explored widely.>* However, it has been realized recently that diamond, an
ultra-wide bandgap (UWBG) (>5 eV) material, has significant advantages
compared to GaN or SiC if implemented in high power devices.’ Owing to the ultra-
high bandgap and extremely high thermal conductivity, diamond has been touted
as the next-generation material for high voltage, high power, high temperature, and
high-frequency devices.® Despite these advantages, bulk diamond, as an insulating
material, requires surface terminations such as hydrogen (H) and oxygen (O) to
achieve conductive characteristics. In particular, the band structure in H-terminated
diamond with negative electron affinity (NEA) allows it to act as easy electron
emitters to vacuum levels, at higher voltages, which can be captured in a dielectric
layer placed on top of the diamond, and in the process also generating high hole
conduction in the diamond layer.” Hence, diamond—with the right kind of interface
dielectric layer and doping—can become an exciting building block for transistors,
the drivers of the semiconductor industry. The high thermal conductivity® of
diamond also allows excellent intrinsic thermal management, a bottleneck with the
existing Si-based semiconductor device technologies.

The advantages aside, there are significant challenges in realizing diamond-based
device technologies. These are mainly related to the growth of high-quality
diamond films, selection and adoption of the right interface dielectric layer,
controlled doping to enable device polarity, and contact issues with metal lines. In
recent years, various attempts have been made to address these issues and improve
the performance of diamond devices. Recent advances in chemical vapor
deposition (CVD)’ of diamond have resulted in the ability to grow good quality
single- and polycrystalline films over areas ranging from a few millimeters to
several centimeters.!” For the dielectric layer over diamond, several metal-oxide
films have been explored (alumina, molybdenum trioxide, etc.) with varying
degrees of success based on the interface structure and epitaxy and interfacial
charges. For the doping part, various approaches have enabled p-type and n-type
structures with dopants such as boron (B) and phosphorus (P).!! However, uniform
and controlled doping has been extremely challenging leading to techniques that
alter diamond surface terminations (H or O). These surface modifications alter the
bandgap and electronic structure of diamond and enable higher charge carrier
densities and mobilities.



Specific project objectives are as follows:

Establishing a CVD facility for the growth of large-area, high-quality
diamond films, vapor phase doping methods, and electronic and thermal
characterization tools for the grown diamond films and diamond-based
heterostructures.

Developing and optimizing various approaches that enable the synthesis of
heteroepitaxial diamond/boron nitride (BN) heterostructures, including
diamond/BN (hexagonal and cubic), diamond/h-boron carbon nitride
(BCN), and other multilayer structures including the gate dielectric.

Developing methods that would enable various types of doping of the
diamond films to engineer its bandgap and electronic structure and
understanding the interface electronic properties of doped diamond films
and BN layers.

Engineering low resistance contacts between diamond/BN/dielectric films
and selection of metals and alloys and integration and testing these in field-
effect transistor diamond devices.

Developing close collaboration with the US Army Combat Capabilities
Development Command Army Research Laboratory to develop device
architectures for the diamond-BN heterostructures grown at Rice University
and fabricating and testing these devices both at Rice and DEVCOM Army
Research Laboratory. The goal will be to achieve far better device
performance compared to existing diamond wide bandgap devices, based
on well-defined device metrics.

Explore, in subsequent years, novel applications, outside of semiconductor
device applications, for the diamond-BN heterostructures such as quantum
sensing, single-photon emission, thermal management, and optoelectronics.



2. Events

Table 1 lists significant meetings and laboratory visits.

Table 1 Events

Events Date Location
Biweekly meeting 2023/01/11 Online
to present

Danish space delegation’s visit 2023/2/2 Rice University
Tim Pieshkov’s visit to Oak Ridge ORNL; Oak Ridge,
National Laboratory (ORNL) 2023/5/12-7/12 Tennessee
Tia Gray’s internship at ARL 2023/5/12-8/12 ARL; Adelphi,

Maryland
New Diamond and Nano Carbons East Lansing,
(NDNC) conference 2023 2023/6/18-6/22 Michigan
U.S. Senate staff member’s visit 2023/8/8 Rice University
Dr. David Stepp (Army Research
Office [ARO]) and ARO/ARL staff’s 2023/10/4-10/5 Rice University
visit
Dr. Brett A. Seidle’s (U.S. Navy) visit 2023/10/13 Rice University
Dr. Michael Bakas” (ARL South 2023/12/12 Rice University
Director) visit
The annual review meeting 2024/2/6 Rice University
Anand Puthirath’s visit to Helmholtz-
Zentrum Dresden-Rossendorf 2022/9/22 Dresden, Germany
(HZDR), Germany
Anand Puthirath’s visit to Johannes 2023/06/01 Mainz, Germany

Gutenberg University (JGU) of Mainz

3. Materials of Interest and Growth Approaches

3.1 Growth of Smooth Diamond Epilayer

The surface smoothness of epitaxial diamond films plays a pivotal role in various
prospective applications such as electronic devices, quantum sensors, and optical
windows. The diamond polishing process, while demanding considerable effort due
to the extreme hardness of diamond, unavoidably introduces surface defects and
subsurface damage. Consequently, achieving a smooth diamond epilayer without
the necessity for polishing becomes significantly crucial. However, it has been
demonstrated that preparing an atomically smooth diamond is immensely
challenging. First, hillocks and nonepitaxial crystallites, which make the surface
rough, need to be eliminated during the growth. Second, the growth conditions and
substrate orientation require elaborate optimization to achieve step-flow or lateral
growth. As a result, limited reports in literature have achieved this.



Figure 1 illustrates the characterization of commercial diamond substrates,
including Element Six standard-grade CVD-grown diamond (referred to as CVD
substrate) and Element Six high-pressure, high-temperature (HPHT) diamond
(referred to as HPHT substrate) following super-polishing by Applied Diamond.
All substrates underwent acid cleaning using HCI/HNOs and H2SO4/HNO
mixtures. Despite the low surface roughness of the CVD-grown diamond substrate,
a high density of pits and polishing lines can be observed in atomic force
microscopy (AFM) images in Fig. 1a and 1b. The Raman spectra in Fig. 1¢ shows
the presence of nitrogen-related peaks. In contrast, the HPHT diamond substrate
displays an exceptionally smooth surface with surface roughness of 0.6 nm (Fig. le
and 1f) and a distinct diamond Raman peak (Fig. 1g). X-ray diffraction (XRD)
rocking curve measurements in Fig. 1d and 1h reveal the full width at half
maximum (FWHM) of (400) peak is 30.82 inches for CVD substrate and 30.46
inches for HPHT substrate, respectively.
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Fig.1  (a,b) AFM images, (c) Raman spectra, and (d) XRD (400) rocking curve of CVD
substrate. (e,f) AFM images, (g) Raman spectra, and (h) XRD (400) rocking curve of HPHT
substrate.

Subsequently, H> plasma etching was performed on the substrates to eliminate the
subsurface defects. Following the etching process, additional peaks emerged in the
Raman spectra of CVD substrate (Fig. 2a). These peaks are potentially associated
with defects and dislocations. A higher density of pits was found on the surface in
both optical (Fig. 2b) and AFM images (Fig. 2c—2¢). In contrast to the randomly
distributed pits on the original surface, the etch pits exhibited uniform rectangular
shapes and alignment with the surface terrace. These pits are thought to originate
from dislocations within the bulk diamond substrate. Conversely, the Raman
spectra of HPHT substrate post etching remained like the original spectra (Fig. 2f).
Nearly no etch pits can be found in optical image (Fig. 2g) or AFM images (Fig. 2h
and 2i), indicating a low dislocation density in HPHT substrate. The surface
roughness was reduced to 0.3 nm after the etching process.
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Fig.2  (a) Raman spectra, (b) optical image, (c,d) AFM height image, and (e) 3D image of
CVD substrate. (f) Raman spectra, (g) optical image, (h,ij) AFM height image of HPHT
substrate.

After the H2 plasma etching, epilayer growth was carried out using 1% CHa4/Ha. To
investigate the surface morphology evolution, four sequential epilayer growths
were performed on the CVD substrate, each of which lasted 2-3 h. Following the
first growth, both the optical image and AFM image in Fig. 3a show a significant
reduction in the number of pits, accompanied by a decrease in their lateral
dimensions. After the second growth, etch pits were scarcely observable in both the
optical image and AFM image (Fig. 3b), indicating that they have been mostly
filled through the growth process. After the third and fourth growths, the diamond
surface exhibited exceptional smoothness without any pits or hillocks (Fig. 3c and
3d). The surface roughness of the epilayer after the four growths was measured to
be 0.9 nm in Fig. 3e. Simultaneously, the Raman spectra in Fig. 3f illustrates the
disappearance of defect-related peaks after growth, while the intensity of diamond
peak increased with growth. The low FWHM of XRD (100) rocking curve in
Fig. 3g and (111) rocking curve in Fig. 3h indicate the high crystallinity of the
epilayer. These outcomes underscore that the epitaxially grown films not only
render the surface smooth but also manifest higher quality and purity compared to
the CVD substrate.
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Fig.3  (a—d) Optical image and AFM image of epilayer surface after each growth process.
(e) High-resolution AFM image of epilayer surface after four growths. (f) Raman spectra
evolution of epilayer after etching and growth. (g) XRD (100) rocking curve and (h) XRD (111)
rocking curve.

On the HPHT substrate, one growth process resulted in an approximately 0.9-um-
thick epilayer. Remarkably, the AFM images in Fig.4a and 4b depict an
exceptionally low surface roughness of the epilayer—only 0.3 nm. The Raman
spectra presented in Fig. 4c shows a sharp diamond peak like that of the original
substrate. Optical imaging of the entire surface in Fig. 4d reveals the absence of
nearly any hillocks. Laser microscopy (Fig. 4e) further confirmed that the surface
roughness is less than 0.7 nm, surpassing the instrument resolution. The X-ray
photoelectron spectroscopy (XPS) survey scan in Fig. 4f reveals the surface
primarily consists of carbon (C) with a small content of oxygen. No other
contaminants were detected. XRD rocking curve measurements of (400) (113)
(111) peaks were presented in Fig. 4g—4i, respectively. Their remarkably low
FWHM reflects the high crystallinity of the epilayer. These findings indicate a high-
quality epilayer with an ultra-smooth surface has been prepared on the HPHT
substrate.
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Fig. 4  (a,b) AFM images, (c) Raman spectra, (d) optical image, (e) laser microscope image,
and (f) XPS survey spectra of epilayer grown on HPHT substrate. XRD rocking curve
measurements of (g) (400), (h) (113), and (i) (111) peaks.

3.2 lon Implantation and Lift-Off Process

Due to its highest hardness and exceptional mechanical properties, manufacturing
diamond wafers through slicing or polishing is much more challenging compared
to other materials. While laser cutting has proven effective for slicing diamond
crystals, note that the kerf loss is directly related to the cutting depth. Moreover,
after lasing cutting, further polishing is necessary to achieve a smooth surface
before subsequent manufacturing steps. The most efficient method for producing
diamond wafers without traditional cutting involves the ion implantation and lift-
off process. In the process, high-energy ion implantation is initially performed on
the diamond substrates, with carbon and oxygen ions being the most used ion
species. For example, when the carbon ion implantation energy is set at 3 MeV and
the ion dose is 2 x 10'® ion/cm?, an amorphous carbon (a-C) layer is expected to
form at approximately 1.6 um beneath the surface while leaving a minimally
damaged layer near the surface. Subsequently, an epilayer growth is carried out on
the substrate, during which the high temperature can transform the a-C layer into a
graphite layer. Next, the graphite layer is removed via electrochemical etching,
allowing the CVD-grown epilayer to be separated from the substrate. The surface
of the separated substrate remains smooth and exhibits a morphology like the



original substrate, which can be reused repeatedly for growth or device fabrication
without the need for polishing.

In this study, the high energy (3 MeV) ion implantation was carried out on Element
Six standard-grade CVD-grown diamond at a dose of 2 x 10'® ion/cm?. After ion
implantation, it can be seen from Fig. 5a that the diamond substrate becomes
nontransparent. Raman spectra in Fig. 5b show a broadening and weakening of the
diamond peak, accompanied by the emergence of graphite peaks. The AFM images
in Fig. 5¢ and 5b and optical image in Fig. Se demonstrate the surface morphology
and roughness remain comparable to the original surface. In the XRD 2 theta/omega
scan in Fig. 5f, new peaks appear around 115°~118°, possibly attributed to damage
induced by the ion implantation. However, the rocking curve measurement of the
(400) peak remains similar.
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Fig.5 Raman spectra and photograph of diamond substrate (a) before and (b) after ion
implantation. (c,d) AFM images, (e) optical image, and (f) XRD measurements of implanted
diamond substrate.

Epilayer growth was performed on three implanted substrates. For the first
implanted substrate, 4% CHa4/H2 was utilized for the growth, resulting in the
observation of high hillocks and nonepitaxial crystallites in the optical image shown
in Fig. 6a. Raman spectra in Fig. 6b demonstrate the restoration of an intense
diamond peak. As displayed in the XRD 2 theta/omega scan (Fig. 6¢), the damage-
related peak disappeared, while the width of (400) peak slightly increases. The
FWHM of (400) rocking curve peak in Fig. 6d decreases, indicating improved
crystallinity of the epilayer compared to the substrate. On the second implanted



substrate, four growths using 1% CHa4/H2 and three growths using 2% CHa4/H2 were
conducted sequentially. The optical image in Fig. 6e reveals a reduction in hillock
density compared to the first sample. Notably, the surface among the hillocks
appears very smooth, as shown in the optical image (Fig. 6f) and AFM image
(Fig. 6g), with a measured surface roughness of 0.2 nm. Figure 6h illustrates the
evolution of Raman spectra on the epilayer after each growth. It can be observed
that the intensity of diamond peak continues increasing with growth, while other
peaks and overall background were reduced. For the third implanted substrate, two
epilayer growths were carried out using 1% CHa/Ha, followed by another growth
using 4% CH4/H2 and 0.4% O2/Ha. Figure 71 shows a significant reduction in both
the dimensions and density of hillocks. The surface roughness of the smooth area
(Fig. 6j) was measured to be 0.7 nm by AFM (Fig. 6k). The Raman spectra in Fig.
61 illustrates the first two slow growths lead to a small increase of diamond peak
intensity, while the final fast growth significantly enhances the diamond peak
intensity.
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Fig. 6  (a) Optical image, (b) Raman spectra, (c) XRD 2 theta/omega measurement, and (d)

(400) rocking curve measurement of first implanted sample. (e,f) Optical image, (g) AFM
image, and (h) Raman spectra evolution on the second implanted sample. (i,j) Optical images,
(k) AFM image, and (I) Raman spectra evolution on the third implanted sample.

After epilayer growth, the scanning electron microscopy (SEM) image in Fig. 7a
taken from the side view reveals that the edges of the sample have been covered.
To expose the graphite layer, it becomes necessary to remove these coverings.
Hence, a wafer polisher with diamond lapping film was employed to grind the
edges. The SEM image (Fig. 7b) and optical image (Fig. 7c¢) demonstrate the edges
after polishing, with the graphite layer clearly visible. Above the graphite layer,
there are epilayer and low-damaged substrate layer. The width of the low damaged



substrate layer measures approximately 1.5 um, aligning with the theoretical result.
Next, Raman measurements were performed on the edge. The Raman spectra
collected from the epilayer region in Fig. 7d exhibit a sharp diamond peak without
any other peak or background (Fig. 7e). In contrast, the Raman spectra collected
from the substrate region show intensive nitrogen-related peaks (Fig. 7f). Raman
mapping using the intensity of nitrogen-related peak at 1416 cm™' (Fig. 7g)
confirms that nitrogen is predominantly found in the substrate region, including the
low damaged substrate region. Figure 7h shows the Raman mapping using the
intensity of diamond peak at 1332 cm™!. Both the epilayer and the substrate exhibit
high intensities, while the low damaged substrate region shows weak signals,
indicating low crystallinity. Figure 7i presents Raman mapping using the intensity
ratio of diamond peak at 1332 cm™! to nitrogen related peak 1416 cm™. It can be
observed that the high-tensity region corresponds well with the epilayer region. All
these experimental results not only align with theoretical expectations but also
confirm a significant improvement in the quality and purity of the epilayer
compared to the substrate.
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Fig. 7  (a) SEM image of an edge after growth. (b) SEM image and (c) optical image of edges
after polishing. (d) Optical image showing the graphite layer in the middle. Raman spectra
collected from (e) epilayer region and (f) substrate region. Raman mapping using the intensity
of the peak at (g) 1416 cm™, (h) 1332 cm™! and (i) the peak intensity ratio of these two.

By employing electrochemical etching on the graphite layer in the K2SO4/H2S04
electrolyte, the epilayer was effectively detached from the substrate, as evidenced
in Fig. 8a. Only a small piece of the epilayer remained attached. Raman spectra
collected from both the substrate and lifted layer show intensive diamond peak in
Fig. 8b and 8c, respectively. The optical image (Fig. 8d) and AFM images (Fig. 8e
and 8f) of the substrate after the lift-off show a morphology similar to the original
surface. These results suggest the surface can be reused for future growth.
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4. Epitaxial c-BN Phase Thin Film Growth on Single-Crystal
Diamond

4.1 Introduction

UWBG semiconductors are central to the advancement of next-generation high-
power radio frequency (RF) electronics, thanks to their exceptional chemical,
thermal, and mechanical stability. As indicated by the Baliga figure of merit
(BFOM) for power loss (Fig.9a), UWBG diamond and cubic BN
(c-BN)—the two strongest materials—exhibit significant promise for devices
requiring very high breakdown voltage (~1000 V) and low power loss, making
them well-suited for RF and power electronics. Diamond and c-BN are structurally,
chemically, thermally, optically, and electrically compatible with each other, with
c-BN presenting itself as a formidable competitor to diamond as a superhard
engineering material. The primary distinction lies in the doping capabilities: while
c-BN can be doped with both p- and n-type dopants, diamond can only be p-type
doped. Consequently, an optimal high-mobility transistor could be realized by
establishing an electronic-quality interface between n-type c-BN and p-type
diamond, facilitating the creation of field-effect transistor (FET) devices with
exceptionally high mobility (Fig. 9b).
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Fig.9 (a) UWBG semiconductors with BFOM. (b) FET with c-BN and diamond. (c)
Growth of various phases of BN.

Nevertheless, achieving the growth of electronic-quality (i.e., single-crystalline,
defect-free, and ultra-smooth) pure and doped (001) c-BN thin films on (001)
diamond substrates remain the “Holy Grail” for materials scientist and device
engineers. The growth of electronic-quality c-BN thin films remains challenging,
primarily due to the intricate pressure—temperature phase diagram of B and N,
which results in the formation of mixed-phase films on diamond surfaces.
Depending on pressure and temperature conditions, BN can manifest various
phases (e.g., h-BN, c-BN, r-BN, and w-BN) (Fig. 9c). Our objective for device
fabrication is to cultivate metastable epitaxial c-BN thin films on (001) single-
crystal diamond (SCD) substrates, ensuring smooth interfaces.

4.2 Investigation of Bulk c-BN Phase Stability and Phase
Diagram

The phase stability of c-BN is an important aspect in materials science and
semiconductor industry. As a crystalline form of BN, c-BN has diamond-like
structure. It is often referred to as the second hardest material after diamond. The
stability of the cubic phase of BN depends on various factors such as pressure and
temperature. Under ambient conditions, hexagonal BN (h-BN) is the stable form,
but at HPHT, it can transform into the cubic phase. Research indicates that c-BN is
metastable at atmospheric pressure and room temperature (RT), but it becomes
stable under high-pressure conditions. The high-pressure phase stability of c-BN is
significant in applications such as superhard materials, abrasives, and as an analog
to diamond in various semiconductor electronics. Researchers continue to explore
the properties and potential applications of c-BN under extreme conditions.

First to grow the cubic BN films, our approach was to make a polycrystalline c-BN
as a target material for the laser ablation. However, the single-crystal cubic BN or
even good quality polycrystalline c-BN powder were not available in the market.
Fortunately, MSE Supplies LLC (Tucson, Arizona) provided cubic BN on two
different grain sizes (2—3 and 30—40 um). Thus, we first characterized the c-BN and
h-BN powders to identify the characteristic features of respective phases, which
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should further help to distinguish the nature of grown BN phases on diamond. By
using extensive characterizations (XRD, XPS, Raman, Fourier transform infrared
[FTIR], and SEM), images show different characteristic features for 2D h-BN and
3D c-BN. From XRD, h-BN shows (002) peak, whereas, for c-BN (111) is the most
energetic phase (Fig. 10). In XPS, both h-BN and c-BN show B-N bonding peak
for Bls and N1s core; however, distinguishably, h-BN shows additional pi-plasmon
peak, which is absent for the c-BN. Field emission scanning electron microscopy
(FESEM) images clearly show the sheet-like and 3D particles for h-BN and c-BN.
In Raman and FTIR spectroscopy E2¢ Raman modes at 1365 cm™' for h-BN,
whereas transverse optical (TO) and longitudinal optical (LO) modes at 1054 and

1304 cm ™! are formed for c-BN.
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Fig. 10 Characterization of c-BN powder and a pressed pellet to be used for the laser
ablation

At first, we tried to make the pristine c-BN phase target materials (1-inch-diameter
disk) for the laser ablation, as pulsed laser deposition (PLD) is a single target
ablation process (Fig. 10). So, we grounded the few grams of ¢c-BN powder and
pressed it and sintered the disk at 1000 °C for 12 h in vacuum. After sintering it
formed a pellet, but was not so dense, and the density of the disk was below 1 g/cm?
(the actual theoretical density of c-BN is 3.48 g/cm?®). We tried to use the disk for
the laser ablation; however, it was not adequate for the growth as it was not a dense
solid (Fig. 11). We also obtained the c-BN powder with particle size of 30—40 um
and performed the similar characterizations (as in Raman spectra it shows several
extra shoulder peaks along with the high LO and TO modes), which shows more
defective nature of c-BN as producing c-BN with good quality is a challenge due
to its metastable nature. We tried to make the c-BN pellet with this powder material
as well; however, it shows the similar trend on not forming a compact disk
(Fig. 11).
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Fig. 11 Photographs of h-BN and c-BN target after the laser ablation

By observing these challenges and difficulties to make a pure c-BN phase pellet,
we tried to mix the c-BN and h-BN powder as different weight-percent (wt%) ratio
to make the c-BN material containing disk for the laser ablation. Therefore, we
made the disk following 25% h-BN + 75% c-BN, 50% h-BN + 50% c-BN, and 75%
h-BN + 25% c-BN. We were successful; thus, we further characterized them by
using various characterizations. We systematically observed the changes in XRD
peak intensity changes while moving from bulk h-BN to c-BN, following the basic
principle of Vagard’s law. Similar observation has been made to the Raman spectra
as well. FESEM shows the 2D sheet and 3D particle-like features for pristine
phases; however, for mixed c-BN and h-BN phases we observe the presence of both
sheet and particle-like features. For the 50:50 cubic and hexagonal mixed phase we
see a broad Raman spectrum, possibly both the emitted spectra made destructive
interferences (Fig. 12). FTIR spectra clearly show the absorbance intensity
variation of c-BN and h-BN, which correspond to the percentage of phases that
exist in each of the mixed-phase composites. Among the mixed-phase materials,
we also found that with the increase of c-BN, the density of the pellet decreases and
becomes softer. The typical density of 50:50 mixed-phase pellet was 1.3 g/cm?,
whereas for the 75% c-BN and 25% h-BN missed pellet density was less than
1 g/cm?; hence, the high percentage of c-BN containing pellet remains a soft one.
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Fig. 12 (a,b) Making of 50:50 h-BN and c-BN composite target material for the deposition.
The sintering condition for the pellets was 1000 °C, 12 h in vacuum. (c) Intensity ratio
comparison of (002) h-BN and (111) c-BN peaks in the mixed-phase composite pellet, before
and after laser ablation.

We have also used the 50:50 h-BN + c-BN mixed-phase pellet for the laser
deposition for the c-BN growth, which we discussed later in the thin film
characterization section. However, we characterized the mixed-phase composite
disk after the laser ablation. As we observed through grazing angle X-ray
diffraction (GIXRD), the intensity of ratio of (002) h-BN to (111) c-BN changed
from 5.01 to 8.33 for the composite, which indicates that more c-BN materials
(containing the ions and radicals) are coming out from that target with laser ablation

(Fig. 12).

Since 50:50 h-BN + ¢c-BN mixed-phase composite pellet was reasonable to use as
a target for laser ablation, we further investigated its structural, optical, and thermal
properties. HPHT plays a crucial role for the stability of polymorphs of BN;
therefore, we used a high-temperature spark plasma sintering (SPS) process to this
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pellet and observed remarkable changes in its functional properties. Comparative
structural analyses of the composite, both pre-SPS (left panel) and post-SPS (right
panel) (Fig. 13). Structurally, various analytical techniques including XRD,
FESEM, Raman, FTIR, and high-resolution transmission electron microscopy
(HRTEM) indicate the exclusive presence of h-BN after SPS. XRD reveals
diffraction peaks exclusively corresponding to h-BN. Notably, the quality of h-BN
significantly improves post-SPS, evident in the much narrower (0002) h-BN peak
with FWHM values of approximately 0.503° (pre-SPS) and 0.303° (post-SPS).
Furthermore, after SPS, the Valence Band Maximum (VBM) shifts away from the
Fermi level, closely resembling pristine h-BN. FESEM images depict distinctive
sheet-like features characteristic of h-BN (Fig. 5b). Raman spectra exhibit solely
the h-BN Ex, peak at around 1367 cm™!, with a narrow FWHM of approximately
13 cm™!, confirming excellent crystalline quality. This blue shift in Raman spectra
post-SPS may be attributed to the hardening of the E>z phonon mode due to shorter
B-N bonds induced by pressure during SPS. FTIR analysis also reveals only h-BN-
related peaks. Moreover, HRTEM illustrates the presence of sheet-like features
corresponding to 2D h-BN. Interestingly, the FWHM of the (002) h-BN peak
diminishes following SPS, indicating an enhancement in the crystalline quality of
h-BN (Fig. 13).
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Fig. 13 Characterization of as-made and after spark-plasma-sintered 50:50 mixed phase
(c-BN and h-BN) composite, showing the full phase transformation to h-BN, after the SPS
process

We conducted a comparison of the Second Harmonic Generation (SHG) yield with
pristine c-BN or h-BN powder, both exhibiting SHG response, albeit at an order of
magnitude lower than that of the h-BN/c-BN nanocomposite (Fig. 14a). The
observed enhancement in SHG from the nanocomposite could be ascribed to the
high-temperature annealing process (1000 °C), likely aiding in enhancing
crystallinity and leveraging the synergistic effect of the two phases and thereby
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effectively boosting SHG efficiency. Consequently, we estimate the lower bound
of the effective second-order nonlinear susceptibility [y?)| in the composite to be
approximately 3 pm/V, comparable to values observed in typical nonlinear optical
crystals; thus, suggesting potential utility in nonlinear optoelectronic applications.
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Fig. 14 Optical second harmonic generation and thermal conductivity of h-BN + c¢-BN
mixed-phase composite

The thermal conductivity (k) of BN holds significant relevance across various
applications, serving as a pivotal element in heat dissipation or thermal insulation
mechanisms. Hence, we determined the RT thermal conductivity (k) of the
composite through a comprehensive approach. This involved measuring the
thermal diffusivity (a) via the laser flash method, determining the specific heat
capacity (Cp) utilizing differential scanning calorimetry, and assessing the density
(p), subsequently applying the relationship k= Cp*p*a. The laser flash method data,
depicting temperature rise versus time, underwent fitting using the Dusza combined
model. The derived values were a = 0.0135 + 0.00056 cm?/s, Cp = 0.903 + 0.0135
J/(g-K), and p=1.57 £ 0.007 g/cm?, resulting in k= 1.91 £ 0.08 W/(mK) (Fig. 14b).
Literature suggests that BN ceramics comprised solely of h-BN exhibit higher
thermal conductivity. Notably, this study represents the inaugural assessment of
thermal conductivity for a nanocomposite based on BN polymorphs. We attribute
the lower thermal conductivity of the nanocomposite to its relatively low density of
approximately 57% (calculated as a percentage of the theoretical density of the h-
BN/c-BN nanocomposite) and to the thermal resistance existing between the 2D/3D
h-BN/c-BN grains. This resistance is further accentuated by the heightened
concentration of grain boundaries due to the presence of small c-BN grains.
Nevertheless, the modest thermal conductivity holds promise in facilitating the
generation and efficient management of thermal energy, functioning as effective
thermal insulation. Additionally, it may contribute positively to achieving a high
thermoelectric figure of merit in engineered thermoelectric materials based on
nanocomposites.
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After SPS, the density (p) of the nanocomposite also rises to approximately 2.1 +
0.2 g/cm?, closely approaching the theoretical value of h-BN, as SPS operates as a
HPHT densification process. Additionally, we evaluated the thermal conductivity
of the nanocomposite post-SPS, now transformed into h-BN. Utilizing the laser
flash method data (temperature rise vs. time), we fitted the results with the Dusza
combined model. Through this fitting process, we derived a thermal diffusivity (o)
of approximately 0.480 + 0.0193 cm?/s. By employing the specific heat capacity
(Cp) of h-BN, approximately 0.780 J/(g-K), we calculated RT thermal conductivity
(k) to be around 79 + 0.9 W/(mK). This increase in thermal conductivity after the
SPS process could be attributed to both densification and the improved crystallinity
of h-BN. The 2D/3D h-BN/c-BN nanocomposite fully transitions to h-BN.

Seeing the complex phase diagram of BN, we also explored the phase stability and
phase evaluation by sintering the powder at HPHT by using the SPS process. For
the sintering process, we systematically increased the sintering temperature from
RT to 2200 °C, by keeping the sintering pressure 90 MPa. When we performed SPS
until the temperature reached 1500 °C, and until 1000 °C, c-BN retains the same
phase. Whereas, when SPS is performed at more than 1000 to 1500 °C, it transforms
to the mixed-phase BN. When the temperature is further raised above 1700 °C, the
c-BN powder fully transforms to the high-quality hexagonal phases (Fig. 15). We
performed detailed characterizations to confirm the mixed-phase BN. Further, we
investigated the properties of phase transformed h-BN.
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Fig. 15 Spark plasmas sintering phase diagram and phase evolution of c-BN
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4.3 Optimization of c-BN Thin Film Growth on (001) SCD

Moving on to the growth of c-BN films, we also tried to optimize the c-BN growth
on diamond substrate. In our third-year review, we reported the optimization
process as follows:

1) RT growth and in situ annealing

2) High-temperature growth and in situ annealing

3) Pressure-dependent BN growth on SCD at high temperature

4) Frequency-dependent BN growth on SCD at high temperature

5) Doping-dependent BN growth on SCD at high temperature (Mg and Si)
6) BN growth on implanted SCD surface

All of these analyses showed the formation of amorphous-phase BN on (001)
single-crystal substrates. Therefore, we continued to pursue the optimization
process in search of epitaxial c-BN growth. In 2024, we also adopted various
growth conditions to enhance the quality of c-BN film on diamond substrate as
described below.

4.3.1 Distance Dependent Growth at Low Pressure

In 2023, we speculated that the low energy growth kinetics might be favorable for
the growth of c-BN. To validate this, we varied the target-to-substrate distance
systematically and grew the films at a low partial pressure of 1 mTorr. We have
grown three films by varying the distance from 50 to 60 mm, and up to 70 mm.
After the growth, we took out the sample from the chamber and performed the
XRD, XPS, Raman spectroscopy, and FTIR spectroscopy (Fig. 16). The XPS
showed the presence of B and N in all the samples (Fig. 16a and 16b). Since we
used low partial pressure, the samples contain some amount of nitrogen vacancies,
the B:N ratio in XPS was also found to vary with distance. Raman and FTIR
spectroscopy showed the presence of both cubic and hexagonal phases (Fig. 16¢
and 16d). We also performed GIXRD of the sample, which showed the presence of
c-BN peak; however, we did not observe any h-BN related peak in GIXRD
(Fig. 16e and 16f). From the growth conditions, we concluded that varying the
distance and more importantly applying low partial pressure during the growth is
not adequate to grow the c-BN phase.
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Fig. 16 (a) XPS, (b) Raman spectra, (¢) FTIR spectroscopy, and (e,f) grazing-angle XRD of
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4.3.2 Growth on Hydrogenated and Nitrogen Functionalized Diamond
Surface and Monitoring the Growth using RHEED

In literature it has been shown (mainly in theoretical calculations) that, instead of
pristine diamond surface, functionalized diamond surface helps promote the
nucleation of c-BN growth. Proper surface preparation and employing nucleation
layers is essential for facilitating adhesion and the continuous growth of c-BN films.
It is believed that a nitrogen functionalized SCD surface is pivotal to the initial
epitaxial growth of thin c-BN films, as evidenced by calculations indicating the
strongest interfacial binding energy for nitrogenated (001) SCD surfaces.
Functionalization introduces active sites on the SCD surface, fostering c-BN
nucleation and facilitating the formation of robust bonds between the substrate and
film. Augmented adhesion is crucial to forestall delamination and ensure film
stability during growth. Functionalization can alter the surface structure to mitigate
lattice mismatch with c-BN, enhancing crystallographic alignment and overall film
quality. It also enables the adjustment of surface energy and reconstruction,
influencing precursor wetting behavior during deposition and promoting superior
coverage and uniformity of c-BN films. Moreover, functionalization fosters the
creation of a chemically compatible interface between SCD and c-BN, imperative
for achieving high-quality interfaces. It also enables the optimization of the surface
for specific growth conditions such as temperature and pressure, which are
necessary for c-BN deposition. Thus, a functionalized SCD surface is integral to
the successful growth of ¢c-BN thin films.

Therefore, we have grown films on three different (001) SCD substrates; namely,
pristine SCD, hydrogenated SCD, and nitrogenated SCD surfaces. Initially, SCD
was subjected to an acid wash (H2SO4 + HNO3, in a 3:1 volume ratio) to remove
surface contaminants. Then, a hydrogen (H2) plasma treatment was conducted
within the diamond growth chamber to hydrogenate the diamond surface.
Subsequently, the hydrogenated SCD underwent treatment with hydrobromic acid
to induce partial surface oxidation. The nitrogenation process was then performed
using a home-built UV-irradiation setup in an ammonia (NH3) gas environment to
yield N-SCD. Details of the nitrogenation procedure are available in a previous
report.'? To validate the presence of nitrogen on the SCD surface, XPS analysis was
conducted. The XPS survey scan revealed a minor nitrogen peak at approximately
400 eV (Fig. 1a), constituting roughly 3% of the surface composition (Fig. 17). We
have grown the samples at 550 °C and 50 mTorr N2 partials pressure. We provided
2000 shots at 5 Hz for the deposition. First, we characterized the substrate surfaces
by using the reflection high-energy electron diffraction (RHEED). RHEED is a
powerful technique used in the study of surfaces, thin films, and interfaces of
crystalline materials. It uses a beam of high-energy electrons, typically in the range
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of tens of kiloelectronvolts, which are directed onto the surface of a sample at a
very shallow angle of incidence, typically less than 1°.
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Fig. 17 Nitrogen functionalized diamond surface showing the presence of 3% nitrogen on
the diamond surface

The interaction between the electrons and the atoms in the sample surface results
in various scattering processes, including elastic scattering, inelastic scattering, and
diffraction. The diffraction patterns produced by RHEED arise from the periodic
arrangement of atoms in the crystalline lattice of the sample. These diffraction
patterns contain valuable information about the surface structure, symmetry,
orientation, and quality of the crystalline material. RHEED is particularly useful
for monitoring the growth of thin films and epitaxial layers in real time during the
deposition processes (e.g., molecular beam epitaxy [MBE] and CVD). By
analyzing changes in the intensity, position, and shape of the diffraction patterns,
researchers can gain insights into the growth dynamics, crystalline quality, and
surface morphology of the growing film. Moreover, RHEED can also be employed
for surface characterization, surface reconstruction studies, and in situ monitoring
of surface processes such as surface diffusion and surface reactions. Overall,
RHEED is a versatile and nondestructive technique that provides valuable
information about the structural properties of crystalline surfaces and thin films,
making it an essential tool in materials science and surface physics research.

As seen from the diffraction pattern, the surface reconstruction has changed due to
N terminations, which are supposed to modify the growth of c-BN (Fig. 18a). Next,
we tried to analyze the growth pattern by monitoring the RHEED intensity during
the growth of the BN layer. We observed that the intensity started decaying during
the growth, possibly due to the lattice mismatch and nonepitaxial nature of the films
with a rough surface (Fig. 18b). After the growth of 20-nm BN, the RHEED
intensity oscillation totally vanishes, as seen in the absence of the diffraction spots
on Fig. 18c. From RHEED monitoring, it seems the surface of the film is not
atomically smooth. In a rough surface, the lattice periodicity is disrupted, leading
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to incoherent scattering instead of coherent diffraction. As a result, the diffraction
pattern becomes severely distorted, or completely obscured. Electrons penetrating
the surface of a rough material encounter multiple scattering events with various
surface features (i.e., steps, kinks, and vacancies). These interactions disrupt the
coherent diffraction process, leading to a loss of intensity and distortion of the
diffraction pattern. The presence of surface roughness leads to a broadening of
diffraction peaks. In RHEED, sharp, well-defined peaks are indicative of a highly
ordered surface. The broadened peaks, lack of sharp features, and features of rough
surfaces, make it difficult to discern any meaningful diffraction pattern.
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Fig. 18 (a) RHEED diffraction pattern of modified diamond surfaces. (b) RHEED
oscillation during the growth monitoring. (c) RHEED diffraction pattern after growth.

Following the growth process, we extracted the sample from the chamber and
conducted XRD, XPS, and Raman spectroscopy; XPS analysis revealed the
presence of both B and N in all samples (Fig. 19a and 19b). The use of high partial
pressure makes the nitrogen vacancies disappear, as we observed for the low-
pressure growth case. Consequently, the B:N ratio in XPS exhibited an almost 1:1
ratio. In Raman spectroscopy, we clearly observed the presence of c-BN phase for
the nitrogen functionalized surface; however, this was along with trace hexagonal
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phase (Fig. 19¢). Additionally, GIXRD analysis demonstrated the presence of a c-
BN peak, but no h-BN-related peak was observed (Fig. 19d and 19¢). Based on the
growth conditions, we concluded that functionalization of diamond surfaces helps
to promote the formation of the c-BN phase.
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Fig. 19 (a,b) XPS, (c) Raman spectra, and (d,e) grazing-angle XRD of the BN films grown
at HPHT with a modified diamond surface
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4.3.3 Growth on Nitrogen Functionalized Diamond Surface at Lower
Growth Temperature and Varying Pressure

As seen in Section 4.3.2, functionalization of (001) SCD helps to promote the c-
BN growth. Therefore, we tried to optimize the c-BN growth by lowering the
growth temperature to 500 °C and changing the pressure. Thus, we applied two
different partial pressures of 100 and 1 mTorr during the growth. As seen in XPS,
both films show B—N bonding; however, the films grown at a lower partial pressure
show additional B-B peak (Fig. 20a). The film grown at 100-mTorr partial pressure
shows an approximately 1:1 B:N ratio, confirming the stoichiometric nature of the
grown film. In addition, the z-plasmon peaks also appear in XPS. In XRD, we see
c-BN (111) peak for both films; however, the peak intensity of films grown at
100 mTorr shows higher intensity (Fig. 20b). Interestingly, in Raman spectra, only
the films grown at 100-mTorr pressure show the signature of c-BN (Fig. 20c). FTIR
also shows a higher percentage of c-BN signal for both films (Fig. 20d)—however,
this is with the mixed-phase BN. These observations confirm that lower
temperature (500 °C) and 100-mTorr growth is more favorable for relatively
crystal-like c-BN film growth.
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Fig. 20 (a,b) XPS, (b) grazing-angle XRD, (¢) Raman spectroscopy, and (d) FTIR
spectroscopy of the BN films grown at 500 °C and high and low pressure with a nitrogen-
modified diamond surface

After growing the better-quality c-BN film on (001) SCD, we looked through cross-
sectional HRTEM to confirm the atomic structure, phases, and crystallinity of the
BN/diamond interface. After the focused ion beam (FIB) milling, the interface is
analyzed under a microscope to observe the presence of c-BN phase with clean
interface between the c-BN and diamond. This has further been confirmed by
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diffraction pattern and electron energy loss spectroscopy (EELS) analyses. In
addition to the c-BN phase, the top surface also shows a thin layer of amorphous or
h-BN (Fig. 21a). This has also been confirmed by presence of z-plasmon peak in
the EELS pattern (Fig. 21¢). In literature,'? it has been calculated that on diamond,
c-BN can form a uniform layer up to 10—12 layers (~3 nm), and then the subsequent
growth follows the a-BN layer. Therefore, our observations follow the important
theoretical findings of an ultra-thin uniform layer of c-BN.
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Fig.21 HRTEM of the BN/diamond film. (a) Cross-sectional image, (b) line profile across
the interface, (c) diffraction pattern, (d) EDS of the BN regions (B and N), and (e¢) EELS
spectrum of the BN region showing the presence of atomic ordering of c-BN.

In previous theoretical studies,'? the layer-by-layer formation of c-BN on diamond
(100) was meticulously investigated using quantum mechanical density functional
theory (DFT). The study delved into the fundamental requirements for the initial
growth of c-BN (100) by sequentially adding alternate B and N layers and assessing
the resulting interfacial binding strengths and geometric configurations. Notably,
nitrogen heteroepitaxial positioned on diamond (100) exhibited the strongest
interfacial binding energy among the monatomic layer configurations. However,
individual atoms in a monatomic B adlayer did not adopt corresponding
heteroepitaxial positions. The heteroepitaxial adlayer structure remained cubic
following geometry optimization when N was attached to the diamond substrate;
however, the alternative B-terminated structure exhibited an amorphous-like
arrangement, albeit with substantial interfacial binding strength. Interestingly, a
two-layer BN structure with B-terminated to the diamond surface only maintained
stability in the initial heteroepitaxial lattice configuration, retaining its cubic form
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with significant interfacial binding strength. (A connection with the observed
experimental data is missing.)

4.3.4 Pulsed Interval Deposition (PID) at Lower Growth Temperature

After confirming the N-functionalized diamond surface and lower temperature can
facilitate the c-BN growth, but only near the interface, we explored other growth
approaches such as the PID growth process. This process is expected to extend the
growth of c-BN process and grow thicker epitaxial c-BN films. In the PLD process,
the intense energy of the laser vaporizes the target material, creating a plasma
plume composed of atoms, ions, and clusters of the target material. The plasma
plume is then directed toward the substrate, where the atoms and clusters condense
to form a thin film. The controlled intervals between laser pulses allow for precise
control over the deposition process—more precisely, the crystallization process by
providing additional thermal energy at the surface, influencing factors such as film
thickness, morphology, and crystallinity.

After the growth at films by supplying 2000 laser pulses at three different PID
growth processes (5-, 15- and 30-min growth interval after each 250 shots) we
characterized the films using XPS, GIXRD, and Raman spectroscopy. Different
time intervals provided different amounts of time for crystallizations. The XPS
analysis shows the presence of B-N bonding in XPS with mi-plasmon peak at 9 eV
apart (Fig. 22a). The GIXRD of the samples show the presence of c-BN (111) peak
in the XRD. We also investigated the existence of the h-BN (002) peak in the
spectrum, but did not observe any peak related to the h-BN (Fig. 22c). From
GIXRD FHWM, we calculated the grain size of 15-20 nm. However, in the Raman
spectra of c-BN we observed significant changes; the films annealed for the 5-min
PID case, showing intense c-BN TO modes (Fig. 22d). In the Raman spectra, we
also observed additional nitrogen vacancy (NV") related peaks. These observations
show that using a 5-min PID deposition at a lower growth temperature (500 °C)
shows growth of good-quality c-BN on the (001) SCD surface.
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Fig.22 (a,b) XPS, (c¢) grazing-angle XRD, and (d) Raman spectroscopy of the BN films
grown at 500 °C by using PID deposition by varying the interval time

4.3.5 PID at Varying the Target-to-Substrate Distance

Varying the target-to-substrate distance in PID in the PLD growth processes can
have significant impact on the resulting thin film properties. Adjusting the target-
to-substrate distance can also help both the control of the deposition rate of the
material onto the substrate and the flux of ablated material reaching the substrate
surface. This control is crucial for achieving the desired thickness and uniformity
of the deposited film by modulating the kinetic energy of the ablated species
arriving at the substrate surface. Proper adjustment of the target-to-substrate
distance is crucial for minimizing defects such as voids, cracks, and surface
roughness in the deposited thin films; hence, increasing the quality of the crystal.
Therefore, we varied the target-to-substrate distance from 50, 55, and 60 mm, while
keeping all other growth conditions like those used previously. As seen, XPS films
show the presence of B and N, with an approximately 1:1 atomic ratio (Fig. 23a
and 23b). However, when we move away from the film, the B-N peaks reveal that
a lesser amount of N is making its way to the substrate since the traveling distance
for those atoms or molecules depend on the kinetic energy of the respective ions.
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Further characterizations using GIXRD show the presence of c-BN (111) peak.
Interestingly, for longer target-to-substrate distances, the c-BN peak in Raman
spectra as well as in FTIR spectra show diminishing trends. These observations
suggest that PID growth at 550 °C, 100-mTorr partial pressure, and 50-mm distance
is better for the c-BN.
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Fig.23 (a,b) XPS, (c¢) grazing-angle XRD, (d) Raman spectroscopy, and (e¢) FTIR
spectroscopy of the BN films grown at 500 °C using PID deposition by varying the target-to-
substrate distance

4.3.6 PID Growth of c-BN on HPHT Diamond

Apart from E6-SCD, we also used HPHT diamond substrate (supplied by ARL) to
grow c-BN. After obtaining the HPHT diamond, we characterized the diamond
surfaces by using conventional techniques. XRD of the diamond surface shows
only (004) peak with very sharp FWHM, confirming the high crystallinity
(Fig. 24a). We also investigated the miscut angle of the HPHT diamond by doing
the XRD rocking curve measurement at a different azimuthal angle. As seen from
the rocking curves, the miscut angle of the HPHT diamond is approximately 1°
(Fig. 24b), which is much lower than the E6-SCD (~2°-3°). The XPS survey scan
on the HPHT diamond shows intense peak with small traces of N-peak. Raman
spectroscopy of the HPHT substrates shows the highly intense diamond D-band
peak, without any trace of N-vacancy peaks, which was generally observed for the
E6-SCD case. We also performed acid wash (using CFs) of the HPHT surface in a
clean room to clean the surface as well as remove the oxygen-related species or
contaminants on any of the HPHT surfaces.
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Fig. 24 (a,b) XRD and miscut angle, (¢c) XPS, (d,e) Raman spectroscopy and its zoomed-in
version of the HPHT diamond

After treating the HPHT diamond surfaces, c-BN growth was attempted using the
PID growth approach (i.e., 5-min interval after each 250 shots deposition),
repetition 1 Hz, growth temperature 450 or 500 °C, target-to-substrate distance of
50 mm, laser energy of 2.2. J/cm?, and pre-and post-annealing of 30 min at the same
growth temperature and pressure. In total, we supplied 2000 laser shots for the
ablation. After growth, we took out the samples and characterized them by using
the XPS, XRD, Raman spectroscopy, and FTIR spectroscopy. As observed in the
XPS analysis, all samples exhibited the presence of both B and N elements
(Fig. 25a). Consequently, the B:N ratio, as determined by XPS, exhibited an
approximately 1:1 elemental ratio. However, we observed the plasmons peak in the
XPS. GIXRD analysis revealed the presence of a c-BN peak; however, no
discernible peak associated with hexagonal-BN was observed (Fig.25c).
Additionally, Raman and FTIR spectroscopy confirmed the existence of both cubic
and hexagonal phases (Fig. 25d and 25¢). Therefore, BN films grown on HPHT
diamond shows the formation of c-BN phase, with some trace of h-BN phase.
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Fig. 25 (a,b) XPS, (¢) grazing-angle XRD, (d) Raman spectroscopy, and (e) FTIR
spectroscopy of the BN films grown on HPHT diamond

4.3.7 Raman Spectroscopy Comparison of Pristine Diamond and Grown
BN Films

We compared the Raman spectra of nitrogen functionalized (001) SCD, HPHT
diamond, and BN films grown on both the substrates with bulk c-BN powder. As
seen, bulk c-BN shows TO and LO modes at 1054 cm™' and 1304 cm™'. N-SCD
shows the diamond D-band peak with an NV center peak. In contrast, HPHT
diamond shows only the diamond D-band peak without any vacancies. Films grown
on the E6 N-SCD sample show the c-BN TO modes, like those of the bulk ¢c-BN
case; however, the NV° peak remains in the heterostructure (Fig. 26). BN films
grown on HPHT substrate at two different temperatures also show the c-BN peaks
without any NV peak. However, for BN grown on HPHT, the Raman mode was
blue shifted, possibly due to the different grain sizes and surface morphologies. In
conclusion, BN on N-SCD shows an excellent c-BN peak; however, with N-
vacancies BN grown on HPHT diamond shows only the c-BN peak (without any
vacancies) but still slightly shifted from the bulk c-BN peak.
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Fig. 26 (a) Raman spectroscopy comparison of pristine E6-(001) SCD, HPHT diamond, bulk
¢-BN, and BN thin films grown on E6-SCD and HPHT diamonds

4.4 Conclusion and Future Plan

We made several efforts to optimize and grow high-quality ¢-BN thin films on
single-crystal (001) diamond substrates. Our methods involved adjusting growth
temperature, partial pressure, laser parameters, repetition rates, elemental doping,
N-functionalization, and cation implantation on diamond surfaces to
comprehensively understand and refine the growth process of ¢c-BN thin films.
Through our experiments we found that achieving superior crystalline c-BN films
necessitates specific growth conditions; namely, a temperature of 500 °C and a
nitrogen pressure of approximately 100 mTorr for c-BN thin film deposition on N-
SCD surfaces, albeit primarily favoring the growth of the most stable c-BN (111)
phase. Additionally, we observed significant enhancements in c-BN growth
through N-functionalization of the SCD surface, underscoring the critical role of
surface modification in facilitating BN growth. Looking ahead, we intend to
manipulate nitrogen concentration on the SCD surface using both wet and dry
chemistry techniques to disrupt diamond surface reconstruction and further
encourage c-BN growth. Ultimately, by refining these parameters and exerting
tighter control overgrowth conditions, we aim to realize atomically smooth, defect-
free, pure, and doped (001) c-BN thin films on (001) diamond surfaces, which is
crucial for the development of future diamond-based RF devices.
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5. Transmission Electron Microscopy (TEM) Characterization of
Single-Crystalline Diamond Substrates and c-BN/Diamond
Interfaces

One of the most powerful techniques to investigate the nanometer-scale interfaces
between SCD and BN in amorphous (a-C), cubic (c-BN), or hexagonal (h-BN)
phases is TEM. We used the following microscopes for TEM analysis: Rice
University’s Titan Themis® (at 300 kV) and Oak Ridge National Laboratory’s
(ORNL’s) UltraSTEM 100 (at 60 and 100 kV). Possibilities of Titan allowed us to
1) demonstrate and analyze the crystalline structures of c-BN on SCD, 2) determine
the existence of both h- and c-BN phases at a phase transition point, and 3) conduct
in situ heating experiments on c-BN. Chemical composition of the samples was
determined using electron dispersive X-ray spectroscopy (EDX), while additional
information about phases and electron bonding was determined using electron
energy loss spectroscopy (EELS) both on Titan and UltraSTEM 100. Initial
information about BN phases and orientation determination of micro-/nanoparticles
was done via selected area electron diffraction (SAED). To investigate the
BN/diamond interface, a cross section of lamella was cut out from the bulk of the
sample using FIB at 30 kV and thinned at 5 kV for precision.

We worked with the following samples that were either grown at Rice University
or sent to us from ARL:

« Pristine c-BN powder, deposited on the e-chips, for conducting the in situ
heating experiments.

« The c-BN powder that was treated by SPS (1500 °C and 90 MPa).

. Nitrogen-functionalized SCD with PLD deposited BN (500 °C, 2000 shots,
100 pTorr).

« HPHT diamond substrate acid washed with CF6 with PLD deposited BN
(500 °C, 250/2000 shots, 100 pTorr).

« Carbon ion-implanted diamond sample with 1.5-h epilayer that has a-C
layer in between.

« Carbon ion-implanted diamond sample with 2-h epilayer that has graphite
layer in between.

« BN was grown on SCD using microwave-plasma chemical vapor deposition
(MPCVD) at 920 °C with H2/N2 gases and ammonia borane as precursor.
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5.1 Investigation of h-BN/c-BN Phase Transition by In Situ
Heating

To investigate the phase transition of c-BN into h-BN, in situ TEM heating
experiments were conducted on the pristine c-BN powder. The c-BN powder was
dissolved in isopropyl alcohol (IPA) solution and sonicated for reducing the
agglomeration of c-BN particles. A drop of the solution was deposited on the e-
chip via pipette, after which the chip was baked on the hot plate for 30 min at 130°
C. The sample preparation and the schematic of the e-chip is shown on Fig. 27a—
27d. We noticed that after deposition and baking, c-BN particles started to
agglomerate around the holes in the e-chip membrane, which proved a considerable
problem during the TEM imaging and analysis (Fig. 1b). The size of the particles
after sonication is from 0.5 to 2.0 microns, which is too thick for proper TEM
imaging (Fig. 1¢). Open areas seen on Fig. le are almost nonexistent and even there
the c-BN particles tend to form stable structures. The phase and orientation of the
c-BN particles can be determined from SAED as seen from Fig. 1f, where we can
see the first-order spots that represent the (111) orientation of the c-BN particle.

(a) (b)

(d) \ — o

ErrE EhE E™s

L S

Fig.27 Sample preparation and TEM analysis during in situ heating experiment.
(a) Schematic of the heating e-chip, (b) TEM image of the membrane on the e-chip after
depositing the c-BN solution, (¢) Magnified region of interest on the e-chip with c-BN particles,
(d) drop-casting technique of sample preparation, (e) close-up TEM image of the c-BN
particles with yellow circle denoting the area for the electron diffraction in f, (f) SAED showing
the (111) orientation of the c-BN particle

SAED from the c-BN particle has multiple spots that do not belong to this particle.
They come from the ceramic heating membrane of the e-chip and other particles
that are located under the one seen in the yellow circle on Fig. le.

34



Heating was done in several steps:
1) RT to 350 °C, increasing temperature by 8 °C every second.
2) RT of 350-1000 °C, increasing temperature by 8 °C every second.
3) RT of 1000-1200 °C, increasing temperature by 1 °C every second.

During the change of temperature at each step of the heating, the possible phase of
one of the particles was monitored via diffraction pattern since high-resolution
atomic imaging was not possible due to the thickness of the sample. No changes of
the phase were observed at any stage of heating. The particles started to move
around their locations as well as migrating to different places as the temperature
increased.

5.2 Cubic and Hexagonal BN phases and Phase Boundaries

Further experiments regarding phase transitions of c-BN to h-BN and vice versa
were conducted using c-BN treated with SPS at 1500 °C. This time the SPS
treatment was not done under high vacuum conditions of the electron microscope
column chamber, but at high pressures of 90 MPa. Similarly, we dissolved the c-
BN/h-BN powder in the IPA solution and after sonication drop-casted it on the
TEM grid. Further baking ensured the better attachment of particles to the carbon
layer on top of the TEM grid.

The existence of both phases can be seen from large scales of particles (Fig. 28a)
since one has a hexagonal shape, while the other has a rectangular shape. After
conducting SAED on both the particles (white circles on Fig. 28b), we calculated
the angles and ratios of distances between the spots to determine the phases. These
numbers from diffraction patterns were compared (Fig. 2c and 2d) with simulations
from the Materials Project website” to determine the orientation of each particle. We
determined that that square-shaped particle has the (110) orientation of c-BN, while
the hexagonal-shaped particle is h-BN, oriented along the (1010). These results—
although not typical—are not unusual because after sonication and drop-casting the
BN particles can land on the TEM grid in arbitrary orientations. The existence of
both phases was also determined by XRD before conducting the TEM experiments
and analysis. Additional information about the lattice constants and atomic
structure can be gathered from HRTEM (Fig. 28¢). We also noticed that the
particles do not form one solid structure with an interface (Fig. 28b). The c-BN
particle is obviously located on top of the h-BN particle.

* https://next-gen.materialsproject.org/
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Fig. 28 TEM analysis of the h-BN and c-BN particles. (a) TEM image of two particles with
c-BN and h-BN phases. (b) Magnified region with interface of two overlapping particles. (c)
SAED and diffraction pattern simulation of the (110) c-BN and (d) (1010) h-BN particles. (e)
High-resolution image of the region in b.

These two projects contributed to understanding the c-BN/h-BN phase transition
diagram: by investigating the possibility of phase transition in high vacuum
conditions and heating the c-BN powder to 1200 °C, and then by analyzing two
phases of BN at the turning point of 1500 °C and proving the existence of both c-
and h-BN particles after SPS at 90 MPa.

5.3 Diamond/c-BN Interface on N-Functionalized Substrate

The main goal of the collaboration between ARL and Rice University was to
epitaxially grow the c-BN on top of the SCD. This task has proven to be very
challenging from both the growth and characterization perspectives. The first
evidence of successfully growing this interface we acquired by using nitrogen
functionalized SCD with 2000 shots of BN deposited by PLD at 500 °C and
100 pTorr (Fig. 29a). HRTEM shows the brighter region on top of the diamond that
has the same cubical lattice. This region is not uniform and varies in thickness from
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2 to 5 nm along the cross-sectional lamella. Some areas also have a-BN on top of
the c-BN as seen in Fig. 29a. The main evidence that this region is c-BN comes
from the expanded lattice constant (Fig. 29b) since c-BN has a larger lattice
constant compared to diamond. We measured the distances between the (001)
planes and displayed them along the multicolored line. Also, since the layer is so
thin, the SAED would not give us a proper diffraction pattern, so we had to take
fast Fourier transform (FFT) of the bulk SCD and compare them with the mix of
SCD and c-BN (Fig. 3c¢).
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Fig.29 TEM and EELS analysis of the c-BN/diamond interface. (a) HRTEM image of the
c-BN grown on SCD substrate. (b) Plot of the line from (a) denoting the distances between
(001) planes for each region. (c) FFT patterns from the bulk diamond and mix of diamond/c-
BN areas. (d) EELS maps from the c-BN/diamond interface. (¢) EELS spectrum, averaged
over the c-BN/diamond area.

As seen from these images, the mix of both materials have additional spots—
further evidence of the lattice constants being different. Furthermore, there is a
slight mismatch angle (~10°) in the (001) orientation relative to the normal of the
sample.

Further investigation was conducted via EELS mapping (Fig. 29d) and
spectroscopy (Fig. 29e). EELS resolution is not as good as the EDX mapping;
therefore, we must decrease the number of pixels of the map to spend a reasonable
amount of time on each map. If we were to increase the number of pixels to get a
better resolution image the drift of the sample in the microscope would smear all
the interface lines, distorting our data. From the maps that we acquired (Fig. 29d)
we can clearly see the existence of both boron and nitrogen in the areas above the
diamond. We can also see that these regions start with a more ordered and
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structured manner and continue toward rough and disordered, which is how the c-
BN and a-BN would look at low resolution on the EELS map. The dark regions
above and below the BN maps represent the protective gold layer and the beginning
of the SCD, respectively. The spectrum shown on Fig. 29e was averaged over the
whole BN region to increase the signal-to-noise ratio (SNR). We can see the signal
of the mixed phase of a-/c-BN region. Since c-BN should not have the ©* bond it
only contributes toward the 6* peak, while a-BN contribution comes to both ©* and
o* peaks. This is why we see that the n* peak is lower in intensity than the 6* in
both the boron and nitrogen K-edges.

5.4 Influence of HPHT Growth on the BN/SCD Interface

After the first experiment described in Section 1.3 that showed us signs of c-
BN/SCD interfaces, several other samples were grown and investigated. One of
them includes HPHT diamond substrate that was acid washed with CF6. BN was
deposited with PLD at 500 °C, 100 pTorr. Deposition was done in two intervals:
250 shots, break for 10 min, and an additional 2000 shots. Similar TEM analysis
was conducted on this sample. The cross-sectional lamella is shown in Fig. 30a.
This time, we deposited platinum (Pt) with a Denton Sputter coater before
depositing additional protection with FIB. The thickness of BN in this sample varies
from the previous (Fig. 30b). The previous sample had around 5 nm of BN with
mixed phase; however, the HPHT sample has a varying 12.5-15.5 nm or BN that
is amorphous in nature. The atomic resolution image from Fig. 30c shows detailed
information about the interface between diamond and a-BN. We see some brighter
regions on top of the diamond that is 0.771 nm thick, but we did not see the
distinctive change in lattice constant as was noticed before; and the FFT images
from such a small region do not produce viable SNR results to compare the spots.
This region would require further investigation and analyses. EELS spectrum from
the BN region shows amorphous structure since the n* peak is higher in intensity
when compared with ¢* in the boron K-edge. However, the nitrogen peaks do not
show any distinctive peaks, which could mean that either the nitrogen bonding is
different or we do not have enough signal to separate them. As said before, this
sample would require further experimentation.
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Fig. 30 Investigation of HPHT grown BN on diamond substrate. (a) Overview of cross-
sectional lamella for the TEM analysis. (b) Magnified TEM image of the interfaces of the cross
section. (¢) HRTEM image of the BN/diamond interface. (d) EELS spectrum from the BN
area.

5.5 Formation of Graphite Layer via lon Implantation for Lift-
Off Process

Aside from c-BN/SCD interfaces, we were also trying to grow flat diamond surface
with a possibility of reusing the substrate for the next epitaxial growth. Thus, we
analyzed two samples that were subjected to carbon ion-implantation. The first was
a diamond substrate that after implantation had an a-C at an approximately 1.6-um
depth under the surface. The epilayer growth was 1.5 h. The second had an epilayer
growth for 2 h and the a-C was turned into graphite.

The cross-sectional lamella overview (Fig. 31a) shows a graphite layer between the
diamond layers. Though this is the second/different sample, the structure is the
same for both. We determined the structure of the layers using SAED in the 1, 2,
and 3 points of the diamond—a-C, graphite, and diamond, respectively. The results
of the electron diffraction (Fig. 31b) show the same crystallinity and the regions 1
and 3, while region 2 shows amorphous behavior typical for a-C and graphite.
Atomic resolution images of the interfaces from the first sample show the distorted
interface of diamond from the direction of incoming ions and more structured and
stable interface in the diamond region where the ion implantation stopped
(Fig. 31d). The region in between has an amorphous structure.

39



The key analysis in distinguishing the a-C from graphite was acquired via EELS
spectroscopy. Graphite, unlike the a-C, has a * bond forming around 293 eV. By
comparing the signal from both diamond areas and both a-C and graphite areas
(Fig. 31c), we see that the sample with 2-h epitaxial growth has indeed the 6* bond
at the corresponding energy value. These spectrums were acquired on UltraSTEM
100 at ORNL and on Titan at Rice University; therefore, we normalized them for

the analyses to account for the different counts in EELS detectors.
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Fig. 31 Comparison of two ion implanted diamond samples with a-C and graphite layers.
(a) Overview of the cross-sectional lamella with three regions of interest. (b) SAED taken from
1, 2, and 3 points in (a) showing crystalline diamond in 1, 3 and a-C in 2. (¢) EELS spectrum
from two samples from the same points in (a). Sample with graphite has additional ¢* bond
compared with the sample with a-C. (d) HRTEM images from the sample with a-C showing
both interfaces: 1-2 and 2-3.

5.6 MPCVD Assisted Growth of BN on Diamond

One of the last experiments conducted in search of the stable c-BN/SCD interface
was done on the sample with growth assisted by MPCVD. The sample was prepared
for cross section in a similar manner to the previous two, but this time we deposited
titanium as a first protective layer to diminish the overexposure of the scanning
transmission electron microscopy (STEM) detector during imaging both high Z
number gold and low Z number carbon and BN elements.

We can estimate the thickness of the BN layer from the HRTEM image shown in
Fig. 32a (12—15 nm at different points around lamella). We can also notice that the
BN is not entirely amorphous since there are some crystalline lines present in the
middle of it. These lines resemble the turbostratic BN, which is the h-BN-like
structure that does not have long-range bonding and cannot form a continuous
crystal lattice. This type of behavior is typical along the majority of the interface in

40



the lamella; however, one region shows a different contrast that looks similar to the
sample described in Section 1.3 (Fig. 6¢ and 6d). STEM imaging shows the same
contrast difference, but inverted as would be expected from the dark field imaging.
No lattice expansion was found in this region and the FFT, although low in SNR,
did not show additional spots for this region. EELS spectrum gathered from this
region shows behavior closer to a-BN or h-BN than to c-BN since the n* peak is
much higher than the o* peak in the B K-edge. It is also present in the nitrogen
K-edge.
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Fig.32 HRTEM and EELS analysis of the microwave plasma CVD sample. (a,c) HRTEM
images of the BN interface showing the interface composition, total thickness of the BN layer,
and anomalous step in diamond that has similar features to c-BN. (b) EELS spectrum showing
predominantly a-C signal with high n* bond. (d) STEM image with inverse contrast showing
that same region in (c) has also reduced contrast in STEM.

6. Terahertz (THz) Spectroscopy: Electrical and Electronic
Properties of H-Terminated Diamond

The key advantage of ultra-fast THz spectroscopy lies in its capability to provide
the complex-valued THz frequency-resolved conductivity spectrum for the
materials under examination. This is achieved through the interaction between the
material and ultra-short, sub-picosecond single-cycle pulses of electromagnetic
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radiation within the THz frequency range. Notably, THz frequencies align with the
typical momentum scattering rates of electrons and holes (carriers) in metals and
semiconductors. Additionally, due to the low photon energy (1 THz = 4.1 meV),
THz spectroscopy specifically probes the conduction of cold, Fermi-level electrons.
This contrasts with laser-excitation methods like two-photon photoemission and
second harmonic generation.

Furthermore, THz spectroscopy operates as an all-optical method, and the absence
of contacts in measurements, coupled with the (sub-)picosecond interaction
timescale, prevents spin accumulation at the contacts. Most importantly, THz
spectroscopy exhibits a critical capability to independently determine various
carrier transport parameters simultaneously. This is exemplified in cases such as
the evaluation of Drude conductivity in metals and semiconductors.

Odec e%tN
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Where 6(w) is the AC conductivity, g, .. is the DC conductivity, w/2n is the THz
frequency, N is the carrier density, T is the momentum scattering time, and m* is

the effective mass. We have been actively engaged in implementing optical readout
for the electrical properties of transfer-doped diamond wafers through THz time-
domain spectroscopy, and our progress has been steady over the past year. The
focus of our investigation includes pristine diamond, SCD bulk-doped with boron
(doping level 1 x 1071872! ¢m™), H-terminated electronic grade diamond with
atmospheric adsorbates as transfer dopant, and another H-terminated electronic-
grade diamond wafer with 12-nm Al2Os3 as transfer dopant. This will help to make
a fair comparison between undoped, bulk-doped, and delta-doped samples. The
images of the samples used are depicted in Fig. 33.

(a) (b) (c)

v v/

H-terminated ESCD transfer
doped via ~12nm thick Al,O4

Boron bulk-doped SCD H-terminated ESCD

Fig. 33 (a) SCD bulk-doped with boron. (b) Hydrogen terminated electronic-grade diamond
wafer and (c) with 12-nm ALO; as transfer dopant.

The instrumentation employed for THz-TDS measurements is as follows: a laser
with a wavelength of 775 nm, a pulse duration of 150 fs, and a repetition rate of 1
kHz is used to pump a nonlinear crystal like LiNbO3 and ZnTe. LiNbO3 generates
a broadband pulse in the range of 0.3—1.6 THz, while ZnTe generates pulses within
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the range of 0.3—2.5 THz. Detection of THz is accomplished through electro-optic
sampling using ZnTe.

Throughout the measurements, we took precautions to maintain a moisture-free
atmosphere around the samples to prevent the parasitic absorption of the THz probe
beam by moisture. However, isolating the samples from humidity may lead to a
reduction in charge carrier density due to the decrease in surface adsorbent
molecules, subsequently affecting the DC conductivity for the sample with
atmospheric adsorbates as transfer dopants.

The THz intensity profile for air, pristine sample, bulk- and transfer-doped samples,
and percentage of absorption for bulk- and transfer-doped samples are provided in
Fig. 34. A shift in the THz intensity profile is readily visible between air, pristine,
and doped samples. While a 60% absorption is observed for B-doped samples, only
20% or less absorption is observed for transfer-doped samples. This observation is
justified in terms of carrier density and their distribution across the thicknesses of
the wafer. For, B-doped samples that are bulk-doped, the carriers are distributed
across the whole wafer thickness; but, in the transfer-doped sample the carrier
distribution is limited to 5-10 nm from the surface. In addition, a 10% field loss
was observed in even a pristine sample, implying the net absorption is about 50%
for a B-doped sample and below 10% for transfer-doped samples.
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Fig. 34 (a) The THz intensity profile against sampling delays for air, pristine diamond, and
bulk- and transfer-doped samples. (b) The percentage of THz absorption observed for bulk-
and transfer-doped samples within the 0.2-2.3 THz range.

Later, the optical constants of the B-doped sample and pristine samples were
derived—as they are homogenous across the thickness of the wafer—and
compared. The variation of the refractive indices and absorption coefficient across
0.4 and 2.4 THz are depicted in Fig. 35. The variation observed in refractive indices
is just 0.02 between the pristine and B-doped sample and a variation of 25 cm™! is
observed in absorption coefficients. As there are no free carriers in a pristine
sample, the absorption of THz pulses is expected to be zero, which is reflected in
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the spectrum. Later, the DC conductivity values were deduced per the Drude model
and are provided in Fig. 35c. Interestingly, the conductivity values computed via
THz match closely with the values derived via DC probe measurements.
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Fig. 35 (a) Refractive indices spectra and (b) absorption coefficient spectra for pristine and
boron bulk-doped samples, respectively, at THz frequency. (c) The real (green) and imaginary
(orange) conductivity values for B-doped samples.

Since boron bulk-doped diamond has an ionization energy of 0.37 eV, we also
measured the photoconductivity in B-doped diamond with an excitation
wavelength of 800 nm. Strong photoconductivity is observed from B-doped
diamond that follows Drude dispersion. The photoconductivity decay curves and
frequency-dependent conductivity values are displayed in Fig. 36. The scattering
time of the carriers is approximately 20 fs.
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(a) Sample: W18-2: Boron bulk-doped SCD (b) Sample: W18-2: Boron bulk-doped SCD
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Fig.36 (a) The photoconductivity decay curve by pump probe experiment and (b) the
frequency dependent real and imaginary photoconductivity with Drude fitted curves

Since the transfer-doped samples have different thicknesses and free carrier
distribution, a direct derivation of optical constants is not feasible. To deduce the
electrical conductivity, THz spectra is processed via thin film model, and then the
real and imaginary conductivities’ values are obtained (Fig. 37). Although the
carrier density is expected to slightly differ for atmospheric dopant and Al2O3
dopant, the conductivity values are very similar for both the samples, which
matches the values derived from the DC probe measurements.
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Fig. 37 Schematics showing the sample geometry where the shaded area is the surface that
is transfer-doped either via atmospheric adsorbates or by a 12-nm AL O3 layer. The arrows
mark the direction of propagation of THz signals, which are depicted on the left-hand side of
the figures. (a) The real and imaginary conductivity for H-terminated samples with
atmospheric adsorbates as transfer dopants and (b) with 12-nm AL:Os transfer dopants.

7. Diamond Surface Engineering: Inductively Coupled Plasma-
Reactive lon Etching Treatment

Diamond is an exceptional material for electronics due to its remarkable physical
and chemical properties. Its high thermal conductivity, wide bandgap, and
exceptional hardness make it an ideal candidate for various electronic
applications.!* Diamond-based electronics exhibit superior performance in high-
power and high-frequency devices and radiation detection systems. The MPCVD
technique is of particular interest for growing diamond, as it allows for precise
control over the deposition process, enabling the production of high-quality
diamond films essential for advancing electronic technologies.

To grow high-quality homoepitaxial layers of diamond, smooth substrates with low
surface defects must be used. These defects, which can either be inherent to the
bulk material or the result of polishing-induced damage, are suspected to extend
well below the surface of the material, acting as charge traps and scattering centers
that can negatively impact the electrical performance of the grown material.!> To
address this, we have explored the use of inductively coupled plasma-reactive ion
etching (ICP-RIE) as a pregrowth treatment that could remove layers of the
substrate and create a smooth, defect-free surface prior to growth.

46



The ICP-RIE system uses RF to excite one or more gaseous species into a plasma
that etches away at the surface at RT. Unlike traditional RIE, ICP-RIE has two coils
that enable separate control of the ion energy and density for more precise etching.
Compared to other device materials such as silicon, the influence of the parameters
of the ICP-RIE process on diamond is not well understood. Furthermore, only
minimal consideration has been given to the quality of growth on the ICP-RIE—
treated substrates in literature thus far.!® Therefore, through this work we have
aimed to systematically optimize the conditions of ICP-RIE treatment for the
preparation of smooth diamond substrates that can be used for high-quality CVD
growth and future device applications.

Our investigation involved a comparative analysis of the etching effects induced by
ICP-RIE plasma on polycrystalline diamond substrates with six distinct gaseous
species (Fig. 38). The best smoothening effects were observed for SFe¢/O2, yielding
a root-mean-square (Rq) roughness as low as 0.613 nm, while CF4/Ar/O2 plasma
resulted in the highest roughness of approximately 1.068 nm. Etch pit
concentrations were notably high for Ar/O2 and CF4/Ar/O: treatments, suggesting
a physical etching influence exerted by argon gas species.
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Fig. 38 (a) SEM and AFM images and (b) XRD pattern of pristine polycrystalline diamond
(PCD). (c) Raman spectra of pristine and plasma-treated PCD samples. SEM and AFM
images of PCD treated by (d) Oz, (e) Ar/O2, (f) CF4/Oz, (g) CF4/Ar/Oz, (h) SF¢/O2, and (i) CF4
used to analyze roughness and morphology. Roughness obtained from the Rq values.

As shown in Fig. 39, XPS measurements of the samples treated with F-containing
species revealed surface fluorination, with the CFs-treated sample displaying the
highest F:C ratio (34.8%); CF4/Ar/Oz resulted in the lowest ratio (19.3%). High-
resolution Cls core level scans indicated dominance of the C—O bond in treated
samples, with SFs/O2 and CF4 showing some sp? carbon. Furthermore, CF4/O:
emerged as a promising subject for further investigation due to its low roughness,
minimal etch pits, and absence of graphitization signatures. Exploring the CF4 to
Oz ratio revealed an ascending trend in surface roughness with increasing CF4
content. The 20:50 ratio showed minimal etch pits, low surface roughness, and the
highest F:C elemental ratio.
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Fig.39 (a) XPS survey scans of the surfaces treated with F-containing species (CF4/O2,
CF4/Ar/Oz, SF6¢/O2, and CF4). (b) Analysis of the ratios of F, O, Si, and S to C on the surfaces.
High-resolution C1s core-level scans of (¢) pristine PCD and PCD treated by (d) CF/O:
plasma, (e) CF4/Ar/O: plasma, (f) SF¢/O2 plasma, and (g) CF4 plasma. (h) High-resolution F1s
core-level scans of surfaces treated with CF4/ Oz, CF4/Ar/O, SF¢/O2, and CF4.

The influence of coil and bias power on the ICP-RIE process for CF4/O2 (20:50)
was studied. Coil power significantly affected etch rates, while bias power had
minimal impact on either etch rate or surface roughness. Time of flight secondary
ion mass spectroscopy (ToF-SIMS) analysis confirmed uniform surface
fluorination, with a clear interface between the fluorinated layer and pristine bulk
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diamond. Coil power’s predominant influence on etch rate suggested that chemical
etching dominated the process.

Lastly, contact angle measurements indicated increased hydrophobicity with higher
F:C ratios (Fig. 40). The correlation between the F:C ratio and contact angle
reaffirmed the hydrophobic nature induced by fluorination. Oxygen termination
decreased contact angles, emphasizing the hydrophilic impact. The addition of O2
and physical etching induced by Ar plasma also influenced the surface’s
hydrophilic characteristics. The results provide comprehensive insights into the
interplay of surface modifications during the ICP-RIE process.
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Fig. 40 Contact angle measurements for the surface of (a) pristine PCD, (b—e) PCD samples
treated with CF4/O2, CF4/Ar/Oz, SF¢/O2, and CF4. (f) Respective comparison of F:C ratio (%)
and measured contact angle for all the samples.

More recently, we explored the use of Ar + Clz gas for etching SCDs. These, as
compared to PCD, are more expensive but preferable for future electronic device
applications. We have now started to employ the use of XRD reciprocal space
mapping as a means of studying crystal quality both pre- and postetching.
Reciprocal Space Mapping (RSM) is a technique that provides a comprehensive
view of the crystal lattice structure and its variations. By employing XRD, RSM
enables us to study the crystal quality both before and after the etching process. It
provides detailed information about crystal orientation, lattice strain, and defects,
offering a thorough understanding of the material’s structural integrity.
Furthermore, after preparing optimally smooth SCD substrates via ICP-RIE, we
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investigate using them for the homoepitaxial growth of diamond layers via
microwave plasma CVD.

8. Diamond Nanowires via Reactive lon Etching and Its
Electrical Properties

Our fabrication scheme involved standard nanofabrication and lift-off techniques,
which are schematically shown in Fig. 41. The PCD (thermal grade, 10- x 10- x
0.3-mm) plate was procured from Elemental Six Inc, and subjected to acid wash
(H2SO4/HNO3) before use. The positive photoresist (PR) (PZ 4350) was spin-
coated on a PCD substrate with 3500 rpm to form a roughly 10-um-thick layer
followed by postbaking for 1 min under 100 °C. The circular arrays, 5 pm in
diameter with 7-um pitch size and 10 pum in diameter with 12-um pitch size were
designed and generated by KLayout. The exposure time was optimized to 0.64 s
for ideal resolution by Maskless photolithography. After the patterns were
developed, the forwarding steps involved metallization (Al, Ag, Au, and Au) and
stripping (in sonication bath). To ensure full removal of PR during stripping, an e-
beam evaporator was chosen as it mostly keeps PR’s sidewall unaffected during
metal deposition. Then, 200-nm masks were deposited on a diamond plate and
optically inspected before RIE. The diamond plates with patterned metal masks on
surfaces were etched by inductive coupled plasma with Oz and Ar gas flow rates of
30 and 90 sccm, respectively. The etching duration varied depending on the
experiment. The power supply was set to 1000 W and biased RF power was 200
W. The chamber pressure was 200 mTorr. The etching profiles are shown in
Fig. 42a and 42b. The lateral view from SEM indicated that cluster-like diamond
nanorods (DNRs) were fabricated with a height of roughly 6 um and a diameter of
roughly 5 pm. The top-view presented that the DNRs have an open end in the
central area, meanwhile the ones on the edge tend to be solid. This finding implies
the possibility of hollow DNRs fabrication.
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Fig.41 PCD plate was first acid-washed to remove surface contaminants. Traditional
nanofabrication and lift-off techniques were applied to pattern PR and form metal masks on
the diamond surface before RIE in Ar/Oz ambient. The configuration of fabricated DNRs was
in either cone or cluster depending on etching mask.

Fig. 42 The lateral (a) and top (b) views of fabricated DNRs showing a cluster-like feature
with the ones in the open-ended center. TEM imaging shows the independent profile of DNR.
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9. Quantum Emission from Fluorine Vacancies in Diamond

Optics and quantum information processing advancements are largely driven by the
incorporation of optically active defects, commonly referred to as “color centers,”
deliberately embedded in the crystal structure of diamond. One standout among
these defects is the negatively charged nitrogen-vacancy (NV") center, prized for
its attributes such as photo-stability at RT, elevated quantum efficiency, and
distinctive spin properties. These qualities make NV~ centers highly promising for
applications in quantum sensing and computing.

In the pursuit of single-photon emitters with specific opto-physical characteristics,
such as a high emission rate and narrow linewidth, researchers have expanded their
exploration beyond the NV complex in diamond. This exploration involves
investigating and characterizing alternative optical centers, including group-IV
impurities (Si, Ge, Sn, and Pb) and noble gases (He, Xe). The synthesis of color
centers in diamond is a crucial aspect, and ion implantation has emerged as a potent
technique for precisely engineering a diverse range of color centers. This technique
provides control over parameters like ion species, energy, and other crucial factors
in the synthesis process.

Despite the progress thus far, the number of emitters with a reproducible fabrication
process for a desired spectral range at RT, and with limited or no damage to the
parent diamond lattice, remains limited. There is ongoing comprehensive
investigation in this field. Consequently, the development of new luminescent
defects, such as fluorine-vacancy (FV) centers (Fig. 43), with desirable spectral and
quantum emission properties through high-energy implantation of specific ion
species, is a crucial strategy for advancing the field. However, this approach leads
to undesirable defects and graphitization in the parent diamond lattice.
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Fig. 43 The local atomic-level structural distortion in cubic diamond with FV center
followed by the Brillouin zone in the reciprocal space. Finally, the band diagram, FV is
magnetic; there is splitting between spin-up and spin-down bands and the energy gap is
reduced and has flat bands near the Fermi energy.
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In this context, we have attempted alternative yet viable approaches, including gas-
phase fluorine exposure of SCD wafers and low-energy ion-implantation at RT and
elevated substrate temperatures. These methods could create FV centers in
diamond, serving as an alternative analogue to NV~ centers, with more desirable
photoemission properties at RT. The next steps would involve a systematic
characterization of photoluminescence (PL) under varying optical excitation
energies and temperatures.

9.1 Synthesis of FV Centers in SCD via Gas Phase Fluorination

Although a variety of techniques are available to fluorinate diamond surfaces, here
there is a necessity to pursue a morphological and optical defect focused study
within the context of an extremely facile approach. We have therefore—based on
preliminary experiments performed at the laboratory—as a first step, adopted a
simple non-plasma gas phase approach to fluorinate SCD surfaces (Fig. 44). A lab-
built Monel reactor is used as the reaction chamber given its nonreactivity and
noncorrosive nature when exposed to the harsh fluorine environment. Gas cylinders
with a 10% fluorine—helium mixture and helium were separately used as a part of
the reaction setup. Helium served as a purging agent to evacuate ambient air in the
absence of a vacuum pump. In short, the experimental procedure involved solvent-
washing and vacuum-drying the SCD substrate to remove surface adsorbates with
acetone and IPA before starting the experiment. At a minimum of 1 h, helium was
allowed to purge the chamber prior to the fluorination. The temperature was
controlled using a hot plate and strictly increased until thermal equilibrium was
achieved, only during the purging stage. The boundary conditions for temperature
and time would vary from ambient RT and 30 min to 350 °C and 6 h. Within these
condition limits, several experiments are designed, varying time and temperature
to study the effect of temperature and time on the fluorination of the diamond
surface.
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Fig. 44 (Top) Schematic showing the gas-phase fluorination setup, which involves He
purging followed by F gas at RT and 350 °C. (Bottom) Schematic showing the proposed low-
energy implantation process where the ions can be placed to the very surface region without
damaging the parent lattice. The stopping and range of ions in matter (SRIM) projection of
the distribution of implanted F ion in the diamond lattice with respect to the depth (right).

9.2 Synthesis of FV Centers in SCD via Low-Energy lon
Implantation

Multiple methods of doping diamond have been developed over the years since the
realization of its high potential in electronic devices, with plasma CVD and ion
implantation being some of the most prominent methods. But in the case of
diamond, the high-energy ions often lead to lattice damage and amorphization in
the crystal, consequently causing adverse effects for the optical and semiconductor
applications. While some of this damage can be rectified by thermal annealing after
doping,!” it often leads to the formation of graphite, and careful optimization is
necessary. Low-energy ion implantation is expected to introduce dopant ions to
desired depth levels without damaging the diamond structure and realizing FV
centers in diamond with competing optical and electronic properties compared to
the widely explored wet chemical approaches and high-energy ion implantation
(>30 KeV). The schematic showing the variation in the implantation depth against
implantation energy is shown in Fig. 44. Based on the preliminary tests, the
proposed parameters for F ion implantation are 1.5-keV energy with 1 x 10%
fluence (cm™2) and 1.0-2.2 x 10" flux (cm%/S) at substrate temperatures of 450 to
800 °C.
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9.3 Preliminary Experiments and Results

We have performed preliminary experiments on hypothesized low-energy
implantation as well as gas-phase fluorination experiments and the results are
encouraging. In both cases, the fluorination experiments performed at RT showed
the signature of formation of FV centers in the proximity of the SCD surfaces. The
SIMS and PL studies performed on synthesized FV centers in diamond are provided
in Fig. 3. The pumping wavelength used was 480 nm using a monochromatic pulsed
laser with approximately 1-um beam size, at 0.5-mW laser power. The range of the
PL data was collected from 500 to 950 nm (1.3-2.4 e¢V) at RT under a vacuum of
10> mTorr. There is a broad emission observed within the 530-950 nm spectral
region (1.3-2.3 eV) centered around approximately 700 nm from the pristine
sample, which is attributed to the nominal concentrations of substitutional nitrogen
present in the SCD substrate within the range of 5-100 ppb level. Interestingly,
while investigating the emission spectra from the low-energy implanted wafer and
gas-phase fluorinated sample at RT, new additional features were observed across
a high-wavelength region that can possibly be attributed to fluorine defect or
vacancy centers (F-V). The single narrow emission lines centered at 780 nm with
shoulder peaks from location 1 (Fig. 45a and 45b). This clearly differs from the
conventional defect centers such as silicon-vacancy (Si-V) and NV.!® The FV
center regions were scanned for possible single-photon emission and emission color
and intensity (Fig. 3¢). Although the FV center formation is not uniform across the
surface, we observed several emission centers (>100-um area) across the
synthesized sample surfaces. The diamond lattice is dense; therefore, the diffusion
of ions is expected to be minimal. Furthermore, the surface is very unreactive and
the formation of active FV centers, even without any activation process via
postannealing, is very surprising. This raises questions about the formation energy
of such entities in the diamond lattice, which is not very well understood or
explained in the literature. Hence, a combination of computational studies,
including both DFT and molecular dynamics (MD) simulations, and systematic
experiments with varying F exposure time and substrate temperature in gas-phase
fluorination, as well as the implantation energy, fluence, and substrate temperature
during low-energy implantation, is warranted to understand the phenomena in a
predictive fashion. This will help create a homogeneous FV emission center across
the proximity of diamond wafer surfaces. In addition, one needs to explore the
possibility of forming different chemical environments of FV centers, like NV
centers in diamond, such as FV°, FV-, FV*, and their magnetic ordering and spin
states, and spectral emission wavelengths. Such exploration leads to the
identification of the tunability of emission wavelength, magnetic sensing behavior,
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and the possibility of quantum entangled FV center states, leading to quantum
computation-level applications.
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Fig. 45 (a) The single crystal wafer with FV center formed near the surfaces. (b) PL spectra
of FV diamond excited with 480 nm. (c) Emission observed from the scanned regions.

10. Conclusions

This report compiles various research activities conducted under the cooperative
agreement between Rice University and ARL. These efforts are focused on the
collaborative development of diamond as the next-generation UWBG material for
electronic devices. The Rice University team brings extensive experience in high-
quality materials growth and development, while ARL contributes significant
expertise in diamond-based device development. Synergies between the two teams
were developed during the first year of the project, leading to the formation of a
strong collaborative team.

With support from ARL and substantial investment from Rice University, a state-
of-the-art diamond growth facility has been constructed at Rice University and is
now operational. Progress during the third year of the program is expected to
include the preparation of high-quality samples for use by the ARL team in device
fabrication. This includes attempts to grow SCD substrates and heteroepitaxial
growth of diamond and c-BN, both considered significant advancements in the
field. Significant work has been done in the first 2 years to optimize the growth of
high-quality h-BN and transfer them onto H-terminated diamond substrates, with
these samples already sent to ARL for device fabrication.

The core of the project is the creation of diamond-based hetero-interfaces, and
several such heterostructures have been successfully synthesized and characterized.
For BN thin film growth, an advanced-level, load-lock, and ion-beam—assisted PLD
growth chamber were installed. The growth parameters for BN thin films were
optimized and understood, leading to high crystalline quality films on sapphire and
other substrates at HPHT, with further improvements in surface quality through in
situ annealing. Similar growth conditions were then applied to grow BN films on
GaN substrates, as well as on commercially purchased and home-grown PCD and
SCD substrates, with in situ annealing also performed in some cases.
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Characterizations revealed the formation of possible nanocrystalline c-BN on SCD
substrates, without long-range atomic ordering.

Considering the complex phase diagram of BN and related growth kinetics, future
efforts aim to adjust and optimize growth parameters to grow epitaxial c-BN thin
films on SCD substrates by PLD. This may involve growing films at a much higher
temperature, possibly at 1000 °C, and changing substrate crystalline facets, as
different facets have different formation energies. Additionally, in situ or ex situ
high-temperature annealing (>1000 °C) may be necessary to obtain pure phase
c-BN. The goal is to grow c-BN films not only along (001)-oriented SCD substrates
but also along different facets of SCD (e.g., (111), (113)) with different miscut
angles and surface roughness to better understand the interfacial relationship
between c-BN and SCD, and the consequent device potentials of c-BN/diamond
heterostructures, aiming to make high-mobility FET devices. Strong theoretical
effort supports experimental activities including growth, surface modification, and
doping in diamond.

Another highlight of the second-, third-, and fourth-year efforts has been the
development of specific metrology for diamond-based structures. Techniques such
as terahertz spectroscopy, cathodoluminescence imaging, second harmonic
generation techniques, scanning probe techniques, and others, have been explored
for fast and efficient characterization of diamond surfaces, as well as conventional
imaging and spectroscopy methods. Characterization of materials has been
synergistic with ARL researchers and facilities. Some device structures fabricated
at ARL are being characterized in detail at Rice using FIB slicing and high-
resolution TEM, with the FIB milling procedure optimized to prepare TEM
specimens of as-grown diamond wafers, diamond-BN hetero interfaces, and
diamond-based FET devices, and state-of-the-art microscopy methods employed to
characterize these systems with sub-nanometer resolution. The insights gained from
these studies will further optimize the device architectures being developed at ARL.
Additionally, surface functionalization via wet chemical methods, cleaning the
diamond wafer surface via reactive ion etching, and low-energy implantation
experiments with low ionization energy alkali metals to create n-type diamond and
potential color centers in diamond for quantum emission applications were
conducted and optimized.

A strong collaborative team has been established between Rice University and
ARL, with interactions including bimonthly discussions via Microsoft Teams,
phone calls, specimen exchanges, joint publications (several in the pipeline), and
facility sharing at both sites. Interactions in the fourth year have been equally
strong, with diamond substrates grown at Rice University to be used by ARL in
device fabrication, and ARL sharing several HPHT wafers with Rice University for
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the growth of BN epitaxial thin films. The collaboration is expected to extend to
other DoD laboratories (e.g., the US Air Force and Naval Research Laboratories)
in the fourth and fifth years. The work done in the third year sets the foundation for
a long-term collaboration between Rice and ARL toward developing diamond-
based UWBG electronic devices for areas such as high-power and RF electronics.
The facility established at Rice for diamond growth will also enable other
applications of diamond-based materials, such as quantum sensing and computing.
The diamond devices built as part of this effort will also create new opportunities
in the network platforms being developed as part of the same cooperative
agreement.
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PL photoluminescence

PLD pulsed laser deposition

PR photoresist
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RF radio frequency

RHEED reflection high-energy electron diffraction
RSM Reciprocal Space Mapping

RT room temperature

SAED selected area electron diffraction
Si silicon

SiC silicon carbide
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SPS
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silicon-vacancy

single-crystal diamond

scanning electron microscopy
Second Harmonic Generation
secondary ion mass spectrometry
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spark plasma sintering

stopping and range of ions in matter
scanning transmission electron microscopy
transmission electron microscopy
terahertz

transverse optical

time of flight

ultraviolet

ultra-wide bandgap

Valence Band Maximum
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X-ray diffraction
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