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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 (> 5 eV) material, has significant advantages compared to GaN
or SiC if implemented in high-power devices.> With 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.’ The band structure in diamond allows it to act as an easy
electron emitter 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 generate high
hole conduction in the diamond layer.” Hence diamond, with the right kind of
interface dielectric layer and doping, can become exciting building blocks for
transistors and metal-oxide—semiconductor field-effect transistors, the drivers of
the semiconductor industry. The high thermal conductivity® of diamond also allows
excellent intrinsic thermal management, so far a bottleneck with Si and other
semiconductor device technologies.

The advantages aside, there are significant challenges ahead 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 oxide films
have been explored (e.g., alumina, molybdenum trioxide [MoQ3], and so on) with
varying degrees of success based on the interface structure, epitaxy, and charges
present. For the doping part, various approaches have enabled p- and n-type
structures to be produced with dopants such as boron (B) and diamond.!! However,
uniform and controlled doping has been challenging, leading to techniques that alter
diamond surface terminations (hydrogen [H] or oxygen [O]). These surface
modifications, termed transfer doping, alter the bandgap and electronic structure of
diamond and enable higher charge carrier densities and mobilities, although the
interface layer selection has to match the nature of transfer doping used.



The specific objectives of the project are the following:

2.

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 would enable the
synthesis of heteroepitaxial diamond-boron nitride (BN) heterostructures,
including diamond-BN (hexagonal and cubic), diamond—hexagonal-boron
carbon nitride (h-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, selecting metals and alloys, and integrating and testing these in field-
effect transistor (FET) diamond devices.

Developing close collaborations 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 the
DEVCOM Army Research Laboratory. The goal is to achieve far better
device performance compared to existing diamond wide-bandgap devices,
based on well-defined device metrics.

Exploring, 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.

Events

The following events were part of the first-year project:

The kick-off event, 10/31/2019, Rice University
Materials Research Society Fall Meeting, 12/1/2019-12/6/2019, Boston

Dr Tony Ivanov seminar, 2/20/2020, Rice University



« Rice University National Security Research Accelerator (RUNSRA) lab
ribbon-cutting event, 10/30/2020, Rice University

o The 6-month review meeting, 5/8/2020, online

o Second Workshop on Diamond Electronics, 10/19/2020-10/22/2020,
online

« The annual review meeting, 11/6/2020, online

« Biweekly meeting, 10/21/2019 to present, online

3. Setup of State-of-the-Art Facilities for Fabrication of
Diamond Single Crystals and Heterostructures

Rice invested a substantial amount of funds and energy into establishing the
laboratories and the related office space used in this project. In the process of
selecting the location of the new lab from several options, premium space in Dell
Butcher Hall has been renovated into the new diamond growth facility. The
advantage of this choice is the environment: this building is on Rice campus, in the
engineering quad, and close to the cleanroom, the main characterization facilities,
and peer labs. The newly established Welch Foundation Materials Center will also
be located in the same building.

The process from location selection to the creation of a state-of-the-art facility is
illustrated in Fig. 1. In the first stage, we established a project management team
from Rice, including a project manager, safety officer, and planning representative.
The predesign process started at the end of October 2019 and was finished by
December 6, 2019, and as the budget exceeded its threshold, it needed to be
approved by Rice upper management. The design team was selected in early
January 2020 and after the usual steps of design, permissions, and pricing, the
construction began in the middle of April 2020. The substantial construction work
on the labs and offices is now finished and the final part of the research facility
installation is progressing. The final installation time and initiation for the
equipment was estimated to be early 2021.



2021

/)8 09 10111201 0203 04050607 0809101112 01-12

Fig.1  Timeline for the establishment of RUNSRA lab in Dell Butcher Hall. This includes
state-of-the-art diamond growth facility and characterization.

The main parameters of the center (Fig. 2) include a 1050-ft*> lab space for the
development of diamond and related materials (Thrust I), a 700-ft* lab space for
characterization and other related research, a space for approximately 10
student/postdocs working at RUNSRA, the center director’s office, accommodation
for four senior scientists, and a conference room. The “Diamond” lab has three
partially separated spaces: the main hall (420B), where the diamond growth
equipment will be located; a laser lab/pulsed laser deposition (PLD) (420A); and a
satellite lab (420C), where the thermal CVDs and several small pieces of equipment
will be installed and located.



V skt

feaj100
L

Bl

MT-60
—- 496 SF -
EO 51 | -
[Ec.50] !
| WS-36

[Ea =0 !

|

|
LAB

|

|

I

o
I~
©
SR
I~
2
=S
-
4
©
o ! LJL J—
o E0 52
0 CHe CH4
t H2 - H2
@) 2 I C2MARNAR (M)
5 | Sz riii—‘\rlé‘\ r777<l‘7 ﬁg LCHA Il HZJ‘ [E'; Z‘DN\]F
o) ‘ a2 }Lj oo 1A e 2 J¢a 0]
© [ R R A LAB S
B L I | e Pk
g 8 | A
| R e s 18
@] = EQ.60 qP E | o
2 o2 . o
@] N2 Lm—— ol [EQ ,AI
Ar n «
© ‘ P 7777%77‘\”7—‘ Il J [Eax Ol“ﬂ
D } [Ea11] mEO 125 P D‘ T Sk Iy
D o 4 E’]EO o B2
D =0 {37 | [ea. {37 ] 1 2 |
8] €320 L1 ( [Easo] [
T [EQ.15] - CHe = !
! — m ! [Ea ,3i:l5= 1
N - - 7$77 AT EQ AJIJ:J [T -
Ar I |
h2 €0 7.0] ik
LA P T Il
& L - [k 1‘Juu|‘
— || ce
1] it |
! | ’ ! [ea i&ﬂﬂ‘ e
| 1
‘ 1 a ? L[EO & [eq z[
| H2
| [ea. 21.0n][EQ.20.0] | Ll £Q. 31.0_
\Ne\He\ rREM&‘ ™ g ! | f -
AT T e
Itea 1501 | fesem! | oar jealien | . /

Fig.2  Blueprint of the RUNSRA center (left) and the diamond and diamond-based
heterostructures laboratory (right)

Figure 3 shows part of the center office space, the main entrance’s mural on the
top, one of the two research scientists’ offices for local and visiting researchers
(bottom left), and the student and postdoc hall (bottom right).
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Fig. 3

Office space at the center under construction



For developing the lab space for the unique equipment needs, we needed to consider
the need for ultra-high purity gases. For providing the highest possible quality and
at the same time maintaining high-level confidence, we decided to use an H»
generator (Proton OnSite G4800) as a primary H» source, and gas cylinders and an
H; purifier (SAES PS7-PDO05) as a backup system. As many of the CVD processes
take long periods of operation, this design seems to be the safest solution. For a
carbon (C) source, methane cylinders was used with the highest purity level of gas;
however, to maintain parts per billion-range contaminant level, a methane purifier
(Entegris PS4-MT?3) was also included in the infrastructure. To address the quality,
temperature, and level of cooling, the house cooling system needed to be expanded
with four high-quality heat exchangers. During this design and development stage,
several key safety issues needed to be addressed, such as H» safety, handling of the
exhaust gases that also contain H», storage, the use of highly corrosive solvents and
acids, and the high-intensity laser. At this point, most of the infrastructure is

installed (Fig. 4), and the ultra-high purity gas handling system is being installed in
the coming weeks.

Fig.4  Infrastructure installation underway; gas safety cabinets for Hz, methane, and
ammonia storage (left), and a segment of the infrastructure rack at the ceiling, carrying
electrical, gas, coolant, and compressed air lines

Presently, diamond substrates are purchased from the company Element Six. The
goal is to transition to homegrown diamond substrates with better control of the
parameters. The purpose of our diamond growth facility is twofold: we need to
grow electronic-grade pristine diamond wafers and we also need to carry out in-
situ doped diamond growth. Beyond growth, we need to consider surface treatment
of samples, especially hydrogenation of the wafers. Accordingly, we selected two
microwave-plasma CVD (MPCVD) reactors with very high-quality but somewhat
different features to match the high-reproducibility and high-flexibility needs of
these processes. Both of the systems are equipped to handle the process gases at the
required precision, and they have the appropriate microwave power inputs and both
work with the 2.45-GHz frequency, which serves a 2-inch sample holder. The main
differences are in the chamber consisting of the sample holder; while the SEKI
setup has an electro-polished metal enclosure, the Plassys works with a quartz-bell



system. The former is less prone to impurities originating from the chamber, while
the latter is easier to clean, which is an important factor for removing contaminants
that remain from prior experiments. This equipment has been delivered and is
located in the main lab space. Installation is planned as soon as the gas lines are
ready and the installation and training will be done soon after that. Figure 5 shows

the two systems during installation.

Fig.5 Diamond growth MPCVD systems, SEKI SDS6350 (left) and Plassys SSDR-150
(right), being installed at the facility

Another key element of the project is the growth and characterization of atomically
precise diamond—dielectric and diamond—metal interfaces. To deposit hexagonal
and cubic BN (h-BN and c-BN) or other nanostructures, we plan to use a PLD
system, which has an electro-polished ultra-high-voltage (UHV) 304 stainless steel
18-inch-diameter spherical chamber with numerous ports for PLD, high-pressure
reflection high-energy electron diffraction (RHEED), RF sputtering, a DC ion
source, a substrate load-lock, a six-target carousel, a rotating 2-inch sample holder,
and a substrate load-lock with a magnetically coupled linear feed through (Fig. 6).
This is a powerful excimer laser setup filled with krypton fluoride as the active
medium, with a wavelength of 248 nm and a pulse duration of 25 ns; the maximum
pulse energy is 700 mJ and the repetition rate is 50 Hz. The setup consists of a DC
ion gun that is needed for molecular-beam epitaxy—level deposition; it has
maximum kinetic energy (argon [Ar] ions) of 1200 eV and beam current of
120 mA.



Fig. 6  The Pioneer 180 PLD equipment and the COMPex 205 excimer laser have been
acquired and will be located in the dedicated lab space at the center

In summary, the lab space has been renovated and a substantial part of the
construction is finished. The installation of the gas delivery system was expected
by the end of 2020. The large equipment purchased in Year 1 has been acquired
and is ready to be installed, and most of the smaller equipment is installed and in
use. Further equipment planned for subsequent years, contingent upon availability
of funds, includes another diamond growth MPCVD chamber for B doping,
RHEED mounted on the PLD setup, an electrical probe station, and a diamond
polishing facility. Figure 7 shows the equipment located in the satellite lab.

| g

Fig.7  MTI dual-sliding tube furnace and HQ Graphene nanomaterials transfer setup are
located in the satellite lab at the center



4. Growth and Preparation of H-BN-Diamond Heterostructures

4.1 Introduction

BN is an inorganic chemical compound consisting of equal numbers of B and
nitrogen (N) atoms. BN is isostructural to C and exists in various crystalline forms,
including amorphous form (a-BN), hexagonal form (h-BN), cubic form (c-BN), and
wurtzite form (w-BN). The crystalline h-BN in its honeycomb hexagonal structure
is also known as “white graphite” as it is similar to graphene, consisting of
atomically flat layers of alternating sp? hybridized and strongly covalent B and N
atoms held together by van der Waals (vdW) interactions between the layers. But
unlike graphene, the B-N covalent bond is strongly polarized with electronegative
N atoms, giving rise to possible anisotropic properties. h-BN has been suggested as
an ideal insulating material for 2-D electronic devices due to its excellent
properties. It has a wide direct bandgap (5.9—6.1 eV), high mechanical hardness
and resilience, high thermal conductivity, high breakdown electric field, and
excellent chemical inertness without surface dangling bonds.

Diamond FETs have potential applications in power electronics and high-output,
high-frequency amplification. However, high carrier mobility has been difficult to
realize in diamond FETs, especially when the carrier density is high. The reported
mobilities of H-terminated diamond FETs in the literature range between 3 and
300 cm?/V s, which are much lower than the maximum hole mobility reported in
bulk diamond (2000 cm?/V s). It can be attributed to the charge impurities existing
in the gate insulator. For example, a sapphire film deposited by atomic layer
deposition contains O point defects and aluminum vacancies.

Sasama et al.'? reported diamond FETs with monocrystalline h-BN as a gate

dielectric and obtained excellent mobilities (>300 cm?/V s) for moderately high
carrier densities (>5 x 10'> cm™) (Fig. 8). This work shows that h-BN is promising
as an alternative gate dielectric for diamond FETs because of its high crystallinity,
few charged impurities, and a flat surface with no dangling bonds. Recent
theoretical work suggests if the negative charges are confined too close to the
interface between gate dielectric and diamond, any increase in the carrier
concentration will be counterbalanced by a decrease in the mobility.!*> h-BN can
repel the negative charges from the 2-D hole gas (2DHG), thereby the 2-D hole
carrier mobility will be enhanced to higher values.



Fig. 8 a) h-BN lattice structure; b, ¢c) diamond FETs with h-BN as a gate dielectric reported
by Sasama et al.!?

Inspired by these reports, we have considered h-BN—diamond FETs with transfer
doping, as shown in Fig. 9. To fabricate these FETs, high-quality, single-crystal h-
BN with atomic thickness is required. The synthesis methods of h-BN can be
mainly categorized into two approaches: the top-down approach, such as
mechanical and chemical exfoliation, and the bottom-up approach, such as CVD
and physical vapor deposition. Among all the methods, CVD has been deemed as
the most effective method to grow large-scale h-BN film with controllable atomic
thickness. The Ajayan group at Rice has reported pioneering work of growing
monolayer and few-layer h-BN film on a copper (Cu) foil.'*?? Despite such
accomplishments, there still exist many challenges for h-BN synthesis. For
example, the reported grain size of an h-BN single crystal is usually smaller than
graphene crystals. The h-BN growth mechanism is more complicated than
graphene growth, as B and N show different diffusion behavior on a Cu substrate.
The precursors for h-BN growth are usually solid and liquid, such as ammonia
borane and borazine. They often undergo several decomposition steps at different
temperatures before forming h-BN films.

(a) (b) lGate

|
| £-“/J

p+ Diamond

Fig. 9  Two types of potential h-BN-diamond FET structures

Chen et al.?? reported the wafer-scale epitaxial growth of single-crystal monolayer
h-BN on a Cu (111) thin film across a c-plane sapphire wafer. A Cu (111) surface
with step edges was found as the key to achieving single-crystal h-BN growth.
Inspired by this work, we have optimized the h-BN growth in our lab (Fig. 10).
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(b)

Fig. 10 a) Cu (111) single-crystal film. b) h-BN single crystals grown on Cu film. ¢) Wafer-
scale h-BN single crystal transferred on a Si wafer, reported by Chen et al.23

4.2 Optimizing h-BN Growth

Figure 11a and b shows the dual-furnace CVD system we use for h-BN growth.
The maximum heating temperature we use is 1200 °C. The carrier gases are ultra-
high-purity H> and Ar. Ammonia borane is used as the precursor and placed in the
upstream furnace. The Cu film on a sapphire substrate is placed in the downstream
furnace. A needle valve is installed between a vacuum pump and the quartz tube so
the working pressure can be adjusted between 1 mTorr to 1 atm. Figure 1lc
illustrates the main procedures for substrate preparation and h-BN growth. The Cu
film is deposited on a clean single-crystal c-plane sapphire before inserting into the
quartz tube for high-temperature annealing. While the ammonia borane is heated,
the h-BN growth starts. After performing more than 100 experiments, we have
found many parameters that play important roles in h-BN growth, including the
orientation, roughness, cleanliness, and termination of sapphire substrate; the
deposition method, deposition rate, substrate temperature, and film thickness
during Cu film deposition; annealing temperature; pressure; gas flow rate and time
duration during high-temperature annealing; substrate temperature; precursor
temperature; and gas flow rate, pressure, and time duration during h-BN growth.

Needle valve

Ammonia borane Cu substrate -5—
- - -
L *RAR

(c)
e @ =) (= @

Single crystal Cu deposited High temperature
sapphire on sapphire annealing h-BN growth

Fig. 11 a) Photo and b) illustration of the dual-furnace CVD system for h-BN growth.
¢) Schematic of the main steps involved in substrate preparation and h-BN growth.
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One of the biggest challenges we have encountered during the optimization is the
Cu film de-wetting after annealing. Figure 12a and b shows the optical image and
scanning electron microscopy (SEM) image of an annealed Cu film on sapphire. A
lot of holes can be observed in the film. To solve the problem, we first tried to
increase the Cu film thickness to increase the melting point of the Cu film.
However, this still had challenges. Figure 12c still shows a lot of holes in a thicker
Cu film. Next, to suppress the Cu evaporation, we increased the annealing pressure
from approximately 1 Torr to approximately 100 Torr, and then to hundreds of torr.
It seems that the number of holes decreases with the increasing pressure, but a
certain number of holes can still be observed. After several experiments, we learned
that the sapphire surface or the interface between sapphire and Cu is extremely
important to Cu wetting. A sapphire substrate with low surface roughness and high
cleanliness is desired. And a more critical requirement is having O- or OH-
termination, which helps form a Cu oxide layer at the initial stage of Cu deposition
and therefore greatly improves the Cu film adhesion. To meet these requirements,
we conducted a very careful pretreatment on sapphire. After sonication in ethanol,
the sapphire is cleaned by three types of acid mixtures. Then it is immersed in
ultrapure water to form O- or OH- termination.

Fig. 12 a) Optical image and b) SEM image of a Cu film after high-temperature annealing.
¢) SEM image of a thicker Cu film after annealing. d, e) Optical images of Cu films after
annealing at approximately 100 and 300 Torr, respectively.

After combining all the techniques, we successfully prepared a Cu film without
holes on a large scale, as shown in Fig. 13a. X-ray powder diffraction (XRD)
measurement was performed on sapphire and Cu on sapphire to analyze their
crystallinity and orientation. The XRD pattern in Fig. 13b—d indicates the single
crystallinity of the sapphire substrate. The Cu film forms in (111) orientation when
deposited on sapphire, whose crystallinity is further improved after annealing.

12
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Fig. 13 a) Optical image of a Cu film after annealing, b) XRD patterns of the sapphire
substrate, ¢) as-deposited Cu film on sapphire, and d) annealed Cu film on sapphire

Figure 14a and b shows the optical image and an SEM image of a typical h-BN film
grown on Cu. It shows good uniformity, not only on a large scale, but also at smaller
scales. Intense B and N peaks are detected in the X-ray photoelectron spectroscopy
(XPS) spectrum. Since the contrast of thin h-BN on Cu is very low, we transferred
h-BN onto silicon dioxide (SiO2)-Si. A clear border of the h-BN film can be
observed in Fig. 14e. Raman spectrum in Fig. 14f shows the h-BN E; peak. Atomic
force microscopy (AFM) measurement was performed at the edge of the h-BN film
and the confirmed film thickness is less than 2 nm. Through these optimization
protocols, we successfully grew large-area h-BN thin film on a Cu-—sapphire
substrate.

13
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Fig. 14 a) Optical image and b) SEM image of the h-BN film grown on Cu. XPS spectra of
¢) B 1s and d) N 1s. e) Optical image of h-BN film transferred on SiO>-Si. f) Raman spectra of
h-BN film. g, h) AFM measurement of h-BN film.

4.3 Optimizing h-BN Transfer

Figure 15 shows the most widely used transfer technique for 2-D materials,
poly(methyl methacrylate) (PMMA )-assisted transfer. A thin PMMA layer is first
spin-coated on an h-BN—Cu sample. The sample is left in Cu etchant, usually ferric
chloride or ammonium persulfate solution, for a couple of hours. After deionized
water rinsing, the sample is scooped by the target substrate, diamond in this case.
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Finally, PMMA is dissolved by acetone and isopropyl alcohol (IPA). This method
is relatively simple. However, one major drawback is the transfer position cannot
be precisely controlled.

h-BN PMMA PMMA

Cu CuU Cu etchant

h-B Acetone/IPA

—<:-

Target substrate Target substrate

Fig. 15 Schematic illustration of the PMMA-assisted transfer process flow

To control the transfer position, we developed a polydimethylsiloxane (PDMS)-
assisted transfer method, as shown in Fig. 16. The commercial PDMS film is
thicker than PMMA and can be made to be double-sided sticky. After attaching the
PDMS film onto h-BN and etching Cu, we attached the other side of the PDMS
film to a glass slide. The glass slide with PDMS-h-BN can be inserted into the
2-D materials transfer system, which provides precise control of the x, y, z
movement and title angle during transfer. As a result, the h-BN film can be
transferred to the desired position on the target substrate, which is greatly beneficial
to subsequent device fabrication.
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Fig. 16 Schematic illustration of the PDMS-assisted transfer process flow

Recently, we have tried another transfer method utilizing thermal release tape
(TRT) and electrochemical delamination (Fig 17). After spin-coating PMMA on h-
BN/Cu, TRT is attached onto PMMA. The TRT-PMMA-h-BN—Cu and a platinum
(Pt) foil are dipped into sodium hydroxide solution, working as a cathode and an
anode of an electrolysis cell, respectively. Once a voltage is applied, a water
reduction reaction takes place to produce H>. The reaction can be represented as
follows:

2H,0(l) + 2e~ - H,(g) + 20H™ (aq). (1)

A large number of H> bubbles formed between Cu and h-BN help make h-BN
detach from the Cu substrate very quickly. Similar to PDMS-assisted transfer, we
can also use the 2-D materials transfer system to control the position precisely.
Then, the TRT can be peeled off by placing the sample on a hot plate at
approximately 120 °C. Acetone and IPA are used to dissolve the PMMA.
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Fig. 17 Schematic illustration of the TRT-assisted transfer process flow

Figure 18 shows the optical image, Raman spectra, and AFM measurement of h-
BN transferred on SiO>—Si and diamond using PMMA- and PDMS-assisted
methods. Both methods successfully transfer large-area h-BN film, showing a
similar thickness approximately 2 nm. A video recording is used to visualize h-BN
detaching from Cu in about 10 s during the TRT-assisted electrochemical

delamination.
b) IE i h-BN thickness
( ) 3 e .t ~2nm
z -
1200 1250 1300 1350 1400 1450 1500
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Fig. 18 a) Optical image and b) Raman spectra of h-BN transferred on SiO:-Si using the
PMMA-assisted transfer method. c¢) Optical image and d) AFM measurement of h-BN
transferred on diamond using the PMMA-assisted transfer method. e) Optical image and
f) Raman spectra of h-BN transferred on SiO:-Si using the PDMS-assisted transfer method.
g Optical image and h) AFM measurement of h-BN transferred on diamond using the PDMS-
assisted transfer method.

With the optimization of h-BN growth and transfer, the Rice team and DEVCOM
ARL team have been exchanging samples and collaborating on h-BN—diamond
device fabrication. Figure 19a shows a picture of a transferred h-BN film on a
hydrogenated diamond. The hydrogenated diamond from DEVCOM ARL has a
hydrophobic surface, which can be challenging for h-BN transfer. After dissolving
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the PMMA layer, XPS measurement was performed, showing the B and N peaks
in Fig. 19b. This indicates the h-BN transfer is successful.
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Fig. 19 a) PMMA-h-BN transferred on a hydrogenated diamond. b) XPS spectra of h-BN
transferred on a hydrogenated diamond. c) XPS spectra of transferred h-BN on diamond after
hydrogenation.

In addition, the transferred h-BN on diamond sample prepared at Rice was sent to
DEVCOM ARL for hydrogenation. After the hydrogenation, XPS measurement
was conducted on the sample. Figure 19¢ shows B and N peaks in the XPS spectra,
implying h-BN can sustain the hydrogenation. These two examples not only show
the close collaborations between Rice and DEVCOM ARL, but also pave the way
for h-BN—diamond device fabrication.

4.4 Direct Growth of h-BN on Diamond

In addition to growing h-BN on a Cu substrate and transferring to diamond, we also
studied growing h-BN directly on diamond. Figure 20a shows the CVD system,
where boric acid and ammonia gas are used as precursors and H» is the carrier gas.
An H-terminated electronic-grade single-crystal diamond (ESCD) was received
from DEVCOM ARL, showing very low surface roughness and a sharp Raman
peak, as shown in Fig. 20b and c. After h-BN growth, the surface roughness
increased. The h-BN Ej; peak is not observed in Fig. 20e because it is too weak
compared to the diamond peak. However, the XPS spectra in Fig. 20f clearly show
B and N peaks. The atomic ratio is calculated as 1.04:1. The h-BN film thickness
turns out to be approximately 6 nm according to the AFM measurement (Fig. 20g
and h). All the characterization confirms the successful growth of h-BN on
diamond.
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Fig. 20 a) Schematic illustration of a CVD system. b) Surface morphology and ¢) Raman
spectra of a pristine ESCD. d) Surface morphology, ¢) Raman spectra, f) XPS spectra, and
g, h) AFM thickness measurement of the ESCD after h-BN growth.

Dr Dmitry Ruzmetov at DEVCOM ARL performed the electrical characterization
on the ESCD sample before and after h-BN growth. The hydrogenated ESCD
showed a sheet resistance of 12.2 kQ/sq before h-BN growth. After h-BN growth,
the sheet resistance increased to 58 k€)/sq. The sample was then subjected to
another hydrogenation. After that step, the sheet resistance was still high,
47.6 kQ/sq. These results not only confirm the dielectric property of h-BN, but also
imply that h-BN can sustain the hydrogenation.

4.5 Exploration of Other Related Materials Growth

In addition to h-BN, we have also explored the growth of other related materials.
Molybdenum disulfide (MoS>) is an n-type 2-D material that has the potential to
form the p-n junction with hydrogenated diamond or act as the transfer doping layer
in a diamond device. Figure 21a and b shows an optical image and an SEM image
of MoS; flakes directly grown on polycrystalline diamond (PCD). MoS, flake
keeps its triangular shape similar to the growth on other substrates. Raman spectra
in Fig. 21c show the E! and Aj, peaks. The element mappings of molybdenum
(Mo) and sulfur (S) are illustrated in Fig. 21d and e. Figure 21f shows cross-
sectional transmission electron microscopy (TEM) images of the interface between
diamond and MoS,;. Amorphous Pt coating, MoS; layered lattice, and diamond
cubic structure, and so on can be observed in the image (from top to bottom).
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Fig. 21 a) Optical image, b) SEM image, ¢) Raman spectra, and d, e) element mappings of
MoS: grown on PCD. f) Cross-sectional TEM image of MoS: and diamond interface.

Another heterostructure we studied is the h-BN-graphene heterostructure.
Figure 22a demonstrates an SEM image of h-BN—graphene heterostructure grown
on a Cu film. The XPS spectra in Fig. 22b reveal N, C, and B peaks. The h-BN—
graphene heterostructure was transferred to a Si0>—Si substrate and the structure is
seen in Fig. 22c. Raman spectra collected at the red spot shows graphene peaks,
while the green spot shows an h-BN peak. These results confirm the successful
growth of h-BN—graphene heterostructure, which could further be converted to
diamond-h-BN.
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Fig. 22 a) SEM image and b) XPS spectra of h-BN—graphene heterostructure grown on Cu.
¢) Optical image of h-BN—graphene heterostructure transferred on SiO:-Si. d, ¢) Raman
spectra collected on the red spot and green spot, respectively.
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5. Development of Characterizations Techniques for Diamond
Interfaces

5.1 Terahertz Spectroscopy

5.1.1 Introduction

Terahertz (THz) radiation (1 THz = 10'? cycles per second, T-rays) lies in the
frequency gap of the microwave and IR region of the electromagnetic spectrum,
typically in the frequency range from 0.1 to 30 THz. Previously, due to low photon
energies and long wavelengths, THz spectroscopy’s primary use was to
characterize the thermal emission lines of simple molecules and spectral
characterization of the vibrational and rotational resonances. Recently, the THz
bands are being used in a wide range of applications such as information and
communications technology, nondestructive evaluation, homeland security, global
environmental monitoring, ultrafast computing, and so on. Development of THz
imaging, THz-time domain spectroscopy (THz-TDS), and high-power THz
generation by nonlinear effects are the few areas to push THz exploration into the
forefront. Such tools have proven to be interesting in examining a wide variety of
materials compared to using existing conventional tools for characterization.?*
Figure 23 illustrates where THz lies on the electromagnetic spectrum.

Microwaves Visible X-ray
ol | | X
| | |
10° 10° 10° 102 10 10 10%
kilo mega giga - peta exa zetta

Fig. 23  Electromagnetic spectrum highlighting THz

The energy that corresponds to THz radiation is equivalent to the energy of free
carriers in semiconductors and metallic conductors. Hence, the use of THz has
shown success in measuring the electrical conductivity and carrier densities in Si
semiconductors. The motivation here is to design metrology to predict the electrical
doping profiles in semiconductor devices such as transfer-doped diamond utilizing
THz frequencies. The mainstream characterization techniques to map conductivity,
doping profiles, and so on are designed as stand-alone systems and are most often
destructive with the application of contacts, and so on, which make it hard to obtain
feedback measurements in a timely manner. Examples of such characterization
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techniques are shown in Fig. 24. However, the THz-TDS system enables us to
consider a virtually non-contact option, used here for the first time for diamond
devices. THz-TDS utilized as optical metrology to attain a doping profile with
several advantages as listed®:

« Non-contact technique
« High sensitivity to carrier concentrations
« High spectral resolution

o Measures both amplitude and phase shift and additional information
(mobility, the lifetime of carriers, etc.)

« Rapid measurement with high accuracy

Such non-contact metrology would open new exciting areas to increase the
throughput production through in-situ process control with real-time feedback.
Therefore, the THz technique motivates us to develop alternative metrology to map
doping profile and other structure—electronic property correlations in diamond
devices.?6:?’

SIMS Non-ContactCV || Ellipsometry

* Low speed * Low speed * High speed * Moderate speed * Moderate speed
* High cost (~$500 * Medium cost * Low cost (~$180 * Medium cost * Medium cost
USD / per) « Electrical profile USD / per) » Electrical profile * Electrical profile
* Chemical profile J « No internal check [ * Electrical profile § « Limit to heavily ( » Still under
* No internal check * No internal check >10" cm3) developing
doped levels (thin
space charge
region)

Fig. 24 Standard characterization techniques to measure the doping profiles in
semiconductors (image courtesy of Tulsyan?®)

5.1.2 THz Spectroscopy System (Operating Principle of THz-TDS)

THz spectroscopy facilitates a material’s far-IR optical properties to be determined
as a function of frequency. This optically read out information can provide an
understanding of the material characteristics for a range of applications. THz-TDS
can be designed either as transmission or reflection mode. So far, we have
employed transmission mode to obtain preliminary results.
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A typical THz-TDS setup is shown in Fig. 25, based on a photoconductive antenna
to generate and detect THz radiation. The principle of THz-TDS starts with a
femtosecond laser producing an optical pulse train (~250 fs, 835 nm) by a mode
lock achieved titanium (Ti)-sapphire laser. The generated optical pulse divides into
two paths. One part (Path A) reaches the THz emitter (i.e., photoconductive
antenna, semiconductor wafer, or nonlinear crystal), where the optical pulses are
transformed into THz radiation (ultrashort electromagnetic pulses). This excited
THz pulse is collimated by a high-resistivity hemispherical Si lens and travels in
free space (purged with N> or compressed air to decrease the humidity) before
reflecting from a parabolic mirror. A couple of parabolic mirrors, as shown in the
diagram, are used to focus the THz waves onto an ultrafast THz detector (for
example, a low-temperature-grown gallium arsenide photoconductive switch or an
electro-optic crystal). The other part (Path B) of the pulse from the beamsplitter is
also delivered onto the detector as a reference signal after passing through a delay
stage. A sample holder is located for the reference and sample measurements
between the two parabolic mirrors, which causes a time delay and a reduction in
the magnitude of the THz pulse. The reference THz pulse is measured considering
air as a reference or can be measured without the sample (only substrate).?® We
determine both magnitude and phase information of the spectra (the absorption and
refractive index [and therefore ¢ of the sample]) without using Kramers—Kronig
relations. The signal pathway and processing sequence are schematically presented
in Fig. 26.
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Fig. 25 THz-TDS experimental setup
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Fig. 26 THz spectroscopy: the signal pathway and processing

THz-TDS has numerous advantages over incoherent techniques®>:

. Able to extract the complex optical properties (refractive index) of material
without doing theoretical calculations using the Kramers—Kronig
relationship.

« Capable of removing Fabry—Perot reflections in thick substrates by
windowing the time-domain data.

« Able to measure the time-resolved photoconductivity on picosecond
timescales in a non-contact way.

« The time-gated detection of THz pulses allows all spectrometer components
to be used at room temperature.

However, there are disadvantages of the THz-TDS setup, which includes the high
cost of an ultrafast laser. Apart from it, the bandwidth is not as broad as the
commercially available Fourier transform IR (FTIR). The other drawback includes
the position of the reference mirror, which needs to be precisely determined to
avoid phase errors to calculate optical properties. Even though the THz technique
is becoming well established, its application to very thin film samples remains
particularly difficult.

5.1.3 Materials Properties

As reported by Ulatowski et al.,”” the complex refractive index of a material 7
depends on its polarisability, which can be described by the complex dielectric
function &, = & + ig, . The relation between the refractive index and the
dielectric function is given by

ﬁz = g-r = 81 + igz. (2)

For conductive samples, one can further distinguish the individual contributions to
the dielectric function from the crystal structure (through phonon modes, lattice
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polarization), £;, as well as the charge carriers (movement of free charge carriers,
polarization of excitons), id../we,. Here, 6., is the complex conductivity of the
charge carriers, which could be present in the semiconductor as a result of either
photoexcitation or doping. An apparent conductivity, & = 01 + i0g,, can be then
defined, which encompasses both these contributions to the overall dielectric
response of the material,

iGcc

=1+-Z 3)

& =& + :
r L WE( (O

The relation between these quantities is illustrated in Fig. 27, which shows how the
charge-carrier conductivity (column A) and the dielectric function of the crystal
(column B) contribute to the overall polarizability of the sample (column C), here
presented as the apparent complex conductivity &. The conductivity of charge

carriers with number density n, mobility u, and charge g was assumed to be Drude-
like,

Opc __ nuq (4)

Oce =—— =—
ce 1-iwt 1-iwt

27,29

with the scattering rate of charge carriers 1/t comparable to THz frequencies.

1 40/ Phonen Contribution |
i 3
W 20 = T sl
p
0 |

Fig. 27 The relation connecting the contributions charge carriers and crystal structure
toward the total conductivity plotted against frequency, as reported by Ulatowski et al.?’

5.1.4 THz Measurements on Pristine and Hydrogenated Single-
Crystalline Diamond Wafers

As the free carriers are confined to the wafer surface, around 5 nm, the thin-film
THz-TDS approach®® (Fig. 28) can be used to differentiate pristine 2DHG
containing H-terminated single-crystalline diamond (SCD) surfaces and the rest of
the samples.
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THz Generation
Fulse

THz Detection

Fig. 28 Thin-film THz-time-domain experimental setup, as reported by Ulatowski et al.?°

From the variation of generated intensity to the reference beam, refractive indices
and extinction coefficient can be deduced from which the real and imaginary
conductivity values can be estimated, as well as the free-carrier concentrations such
as carrier density, mobility, and so on. The as-obtained readout signals are given in
Fig. 29 and the corresponding conductivity measurements are provided afterward.
The refractive indices, absorption coefficient, and real and imaginary part of the
conductivity values are provided in Figs. 30 and 31, respectively, for pristine single-
crystal and H-terminated SCD. Our preliminary results suggest that using the THz
technique one could obtain fast semi-quantitative information of the carrier density
in diamond structures. More work is being done to better understand the data and
compare pristine, H-terminated, and doped diamond substrates.
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Fig. 30 Preliminary results of a) refractive index, b) absorption coefficient, and c) real and
d) imaginary conductivity values for pristine single diamond (plotted against the frequency).
e) Since the pristine SCD wafers are insulating without any charge carriers, a negligible
conductivity value is observed on SCD wafers.
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Fig. 31 a) The refractive index, b) absorption coefficient, and c) real, and d) imaginary
conductivity values for H-terminated diamond (plotted against the frequency). e) Since H-
terminated SCD wafers with atmospheric adsorbates are conducting with the formation of
2DHG, a reasonable conductance value is observed on H-terminated SCD wafer.

5.2 Focused lon Beam (FIB) Processing of Diamond Wafers

An ion is an atom or molecule where the total number of electrons is not equal to
the total number of protons, providing net negative or positive electrical charges.
The smallest ion has almost 2000 times the mass of an electron, and bigger ions can
be even 250 times as massive. In a SEM, the comparatively low-mass electrons
interact with a sample surface nondestructively and generate secondary electrons,
which, when collected and processed, provide very high image resolution down to
the subnanometer range. A focused ion beam (FIB) instrument almost matches an
SEM but employs a beam of ions instead of electrons (Fig. 32). The FIB can
transform the sample through either deposition of metals or C through e-beam and
ion beam depositions or milled using the ion beam with nanometer precision. By
judiciously controlling the ion beam’s intensity and energy, it is feasible to execute
very precise nanomachining to create minute components or remove unnecessary
materials. It is certainly possible to image the sample surface through ion beam, but
one must take care to use the lowest possible energy and intensity as imaging with
ion beam could mill the samples away. Besides, electron- or ion-beam-assisted
CVD can be used to deposit materials with a level of precision similar to FIB
milling. A small quantity of a selected precursor in gaseous form is brought into
the vicinity of the beam, where the beam disintegrates it, depositing the nonvolatiles
on the sample surface while the volatile disintegrates are extorted by the vacuum
system.**
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Fig. 32 Schematic of FIB unit showing the sample stage and various ion and electron guns
and a micromanipulator (left) and instrumentation (right) (Schematic courtesy: Materials
Research Institute, Pennsylvania State University.)

FIB becomes even more powerful when combined with a SEM, as in the Thermo
Scientific DualBeam system available at the shared equipment center of Rice. In a
dual-beam instrument, the electron and ion beams intersect at a 52° angle at a
coincident point near the sample surface, enabling immediate, high-resolution SEM
imaging of the FIB-milled surface. Such systems combine the benefits of both the
SEM and FIB, and provide complementary imaging and beam chemistry
capabilities. We have prepared several TEM specimens, from DEVCOM ARL
samples of diamond wafers and devices, as shown in Fig. 33.

Fig. 33 FIB processing stages starting from PCD wafer to processed ultra-thin wafer
attached to the TEM grid

5.3 Aberration-Corrected Electron Microscopy

The unique possibilities of aberration-corrected scanning transmission electron
microscopy (STEM) can be extremely useful in imaging interfaces and we will be
making wuse of the Rice STEM facility in imaging diamond-based
heterostructures.’! The small probe size gives improved single-atom sensitivity,
both for imaging and spectroscopy, facilitating light elements to be detected in a Z-
contrast image and giving much-improved phase contrast imaging using the bright
field detector with pixel-by-pixel correlation with the Z-contrast image.
Additionally, the augmented probe-forming aperture brings significant depth
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sensitivity and the possibility of optical sectioning to fetch information in three
dimensions.

Rice hosts a state-of-the-art, aberration-corrected TITAN electron microscopy and
a few energy dispersive spectroscopy (EDS) mapping images (Fig. 34) and
microscopy images of the PCD wafers are appended in Fig. 35. In addition, one can
study the various interfaces of miniaturized devices such as source—drain interfaces
over the semiconducting wafer, dielectric-semiconducting wafer interfaces,
transfer dopant interfaces over the diamond wafer, and so on.

Fig. 34 EDS mapping of various elements (C, Ga) on the FIB-milled PCD samples

PCD - Crystallographic Perspective

Fig. 35 Electron microscopy image and selected area diffraction patterns of PCD wafers.
The identified planes are given in the inset. Also shown is the crystallographic perspective of
a SCD showing different planes and facets.
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5.4 Piezoelectric Force Microscopy Mapping of Hydrogenated
Diamond Surfaces

Piezoelectric force microscopy (PFM) is a scanning probe microscopy method that
utilizes the piezoelectric effect of materials to generate contrast. Piezo-response
force microscopy has shown to be a powerful tool for the characterization of
piezoelectric materials at the nanoscale. Alignment of electric dipoles in a
piezoelectric material due to the application of an external electric field physically
shows up as material elongation or contraction. In PFM, the surface
electromechanical deformation is detected as the first-harmonic component of a
conductive tip deflection, oscillating in contact with the surface. The deflection
amplitude is proportional to the converse piezoelectric coefficient and the phase
yields information about polarization direction below the tip.’>** Here, PFM was
done with ASYLUM Research probe model “ASYELEC-01-R2” (MFP-3D origin+
Asylum Research AFM by Oxford Instruments with an Si tip coated with Ti/iridium
[Ir] (5/20)). The probe spring constant and lever air resonance frequency are 2.8
N/m and 75 kHz, respectively. The resonance frequency of the tip during
measurement was 360 kHz on average.

The hydrogenated diamond surface is expected to be a little rough, and the
hydrogenation could potentially break the center of symmetry and makes inherent
dipoles on the surface. The broken center of symmetry and the presence of aligned
dipoles are otherwise the basic requisites for a material to be ferroelectric or
piezoelectric. Here the pristine and hydrogenated diamond wafers are scanned
through PFM techniques and we could observe a contrast difference in the
hydrogenated diamond wafer. Hence such a surface probe microscopy could be
potentially used to differentiate an H-terminated diamond wafer from the pristine
sample and at the same time with the remarkable spatial resolution, the coverage of
hydrogenation could also be studied. As the preliminary result, piezo scan results
of'a PCD wafer are provided in Fig. 36. Work is in progress to evaluate pristine and
H-terminated SCD.
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Fig. 36  From left to right: topography, piezo amplitude, and phase maps of the pristine PCD

surface. A contrast variation is observed in the piezoelectric mapping (amplitude and phase)
indicating the piezo active centers on the surfaces.
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5.5 Magnetic Force Microscopy

Magnetic force microscopy (MFM) images the spatial variation of magnetic forces
on a sample surface with the magnetized tip coated with a ferromagnetic thin film.
Here, surface topography is obtained in tapping mode. At the same time, the MFM
profiles are fetched by computing the amplitude or the phase change of the
cantilever oscillations from the magnetic force between the surface and the
ferromagnetic cantilever tip. MFM profiles/images carry information of the
magnetic domain allocations/distributions on the sample surface. MFM facilitates
the imaging of atomically smooth (roughness-free surfaces) naturally occurring and
intentionally written domain structures in magnetic materials.>* Two forces are
acting on the tip in MFM measurements: magnetic and vdW forces. Therefore, the
MFM signal contains both the information of surface magnetic properties and
surface topography generated by magnetic and vdW forces, respectively. The
dominating force depends on the distance between the tip and the sample surface.
The inter-atomic magnetic force persists for greater tip-to-sample separations than
the vdW force.

MFM was done with ASYLUM Research probe model “ASYELEC-01-R2” (MFP-
3-D origin+ Asylum Research AFM by Oxford Instruments with a 30-nm-thick
chromium [Cr]Pt coating). The probe spring constant and lever air resonance
frequency are 2.8 N/m and 75 kHz, respectively. The resonance frequency of the
tip during measurement was around a few tens of kilohertz on average.

The hydrogenated diamond wafer surface is expected to be weakly magnetic due
to the unsaturated C—H bonding and free spins that exist in the surface. There are
several reports on the magnetism in hydrogenated C allotropes.®> Hence attempts
were done to differentiate hydrogenated and non-hydrogenated samples through the
MFM technique. As the preliminary result, we have provided the MFM scan of
PCD samples in Fig. 37. More work is in progress.

Fig. 37 From left to right: topography, MFM amplitude, and phase maps of a pristine PCD
surface. A contrast variation is MFM mapping (amplitude and phase) indicating the
magnetically active centers on the surfaces.
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5.6 Second-Harmonic Generation on Diamond Surface

Second-harmonic generation (SHG) is a nonlinear optical process in which photons
interacting with a nonlinear material effectively combine to form new photons
having twice the frequency of initial photons. It is only allowed in a material with
inversion symmetry breaking. For centrosymmetric materials, SHG is zero and
forbidden. The pristine diamond has a cubic structure and therefore shows zero
SHG. However, when the diamond surface has certain terminations or roughness,
the symmetry would break, leading to nonzero SHG.

Figure 38a shows SHG intensity mapping on a pristine PCD. High SHG intensity
is detected in some areas and can be attributed to the relatively high surface
roughness of PCD. After hydrogenation, PCD still shows high SHG intensity, as
can be seen in Fig. 38b. A backscatter electron (BSE) image of PCD shown in
Fig. 38c exhibits similar surface morphology corresponding to SHG intensity maps.
The SHG intensity mapping on a pristine SCD demonstrated in Fig. 38d indicates
an overall low intensity due to SCD’s low surface roughness. However, when the
SCD has the H terminations, the SHG intensity is greatly enhanced by about 1000
times. We observed a blue spot during the measurement due to the SHG wavelength
of 400 nm (the laser wavelength is 800 nm). Work is in progress to better
understand H-terminated diamond surfaces using SHG techniques.
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Fig. 38 SHG intensity mappings of a) pristine PCD and b) hydrogenated PCD. ¢) BSE image
of PCD. SHG intensity mappings of d) pristine SCD and e) hydrogenated SCD.
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6. Diamond Surface Modification and Doping

6.1 Surface Conduction in Diamond via Transfer Doping

Diamond is an ultra-wide-bandgap crystal and has been historically considered an
excellent insulator. Since semiconducting electrical properties are desired for
electronics applications, a considerable amount of effort has been done to dope
diamond with electrically active impurities. Due to the very dense atomic lattice of
diamond, there are only a few doping impurities of similar masses, such as B and
N, and at low concentrations that can enter the diamond without significantly
distorting the host crystal lattice. And importantly, the available dopants create
rather deep states, which remain mostly unoccupied at room temperature.
Specifically, the activation energies for B and N are 0.37 and 1.7 eV,

respectively.?®’

A recent advance with the doping of diamond is to employ transfer doping at the
diamond surface, which will create surface conduction. Then, electronic devices,
such as FETs, can be created on the diamond surface.*® The first step in the transfer
doping technique is to hydrogenate the diamond surface so that the valence band
will move upward and will allow for the electrons in the valence band of the
diamond to fall down into the lower conduction band of the transfer doping material
at the diamond surface.*® Once diamond hydrogenation is achieved, exposing the
diamond surface to ambient air will result in a layer of atmospheric adsorbates to
adhere to the diamond surface. These air adsorbates will act as a transfer doping
material to diamond and accept the electrons from the diamond surface, leaving a
surface layer of hole carriers in the top several nanometers of the diamond crystal.>®

To obtain diamond plates with hole carrier surface conduction suitable for RF
diamond transistors, DEVCOM ARL has established a collaboration with Dr
Bradford Pate at the US Naval Research Laboratory (NRL). Dr Pate used a
MPCVD reactor to perform hydrogenation of the diamond plates provided by the
DEVCOM ARL researchers. A series of optimization experiments were performed
together with Dr Pate on ESCD (100) plates purchased from Element Six. As a
result, DEVCOM ARL established a source of electrically active diamond with
typical surface sheet resistivities of the air-doped diamond (100) plates in the range
between 7 and 10 kQ/Y.

Increasing the charge density made available by transfer doping is a metric of
primary interest. As such, we are engaged in research to achieve this end that will
require metrologies that can provide valuable insight. Here we briefly review how
the nondestructive metrologies of Kelvin probe (KP) and constant final state yield
spectroscopy (CFSYS; shortened here to just photoemission spectroscopy, i.c.,
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PES) can be used to characterize the robustness and charge-transferring efficiency
of the H-terminated diamond surface by quantifying the density of the 2DHG. The
results obtained by KP and PES are compared to those obtained by Hall
measurements.

KP and PES are well-established techniques used to characterize H-terminated
diamond.***! KP provides the work function (¢) and PES the ionization energy (IE).
Together, given the well-established bandgap (Ec) values of diamond as a function
of temperature, they provide the full band structure of this surface (Fig. 39).
Combining these techniques into one measurement chamber provides several
advantages. One in particular is that the same tip is used as the sensing element for
both techniques and can be calibrated in situ without the need for a separate
standard.*?

Band Structure Diagram

Electron
Energy
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EF.__‘__—-‘—Kp

e —— PES
Ev i

Fig.39 Band diagram with key material parameters. Ec, Evac, Er, Ev, and y denote the
energy level of the conduction band, vacuum level, Fermi level, valance band, and electron
affinity, respectively. KP and PES positions, Er and Ev, are respectively relative to Evac.

In an attempt to extract charge density via KP and PES, we make use of the work
by Edmonds and coworkers.* In particular, their positioning of the Fermi level
relative to the valance band (Er — Ev) versus hole density results obtained by curve-
fitting experimental data, as illustrated in Fig. 40.
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Fig.40 Er — Ev vs. 2DHG density for H-terminated diamond. Data curve is taken from
Edmonds et al.*®

Our experimental approach for this effort is simple. First, we established a
hydrogenation process with our NRL colleague. After hydrogenation, the diamond
plates were exposed to room air for several days. Then, Hall effect measurements
were performed to verify carrier type and obtain charge density. After this initial
Hall effect measurement, KP and PES were performed on the as-received material
(i.e., atmospheric doped surface) during a 350 °C in-situ heating step used to
remove atmospherics and then on the post-annealed surface after cooling to room
temperature under high vacuum (HV). The sample was removed from the chamber
and exposed to air for several days and later reinserted and measured under the HV
environment. Finally, Hall effect measurements were repeated.

The outlined approach is implicit to the use of a color-coding scheme used to
display the results in Fig. 41. Green represents the as-received room-temperature
condition, orange the 350 °C measurement, light blue the post-anneal room-
temperature condition, and purple the remove, expose, re-insert case. Simple band
structure diagrams using the same color-coding scheme are included for
clarification. Using established values for the bandgap of diamond as a function of
temperature and the measured values for work function and ionization potential,
one can calculate the electron affinity and the Fermi level position (i.e., Er — Ev
values).
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PES: Fowler Theory = Straight-line segments for Cube Root (CBRT) of Photoemission Current
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Fig.41 PES data taken on an H-terminated diamond surface for four different
measurement conditions. Electronic transitions listed in the spectra (labeled 1, 2, and 3) are
illustrated in the band diagrams. The measurement conditions and key for the color-coding
scheme is provided in the text.

Based on Fowler Theory, the photoemission spectra can be fit using straight-line
segments for the cube root of the photoemission current.** This method yields a few
different transitions. First, the transition (with an onset at the lowest energy) is
attributed to the valence band-to-vacuum level occurring at the surface. Next is a
phonon-assisted excitonic transition observed on all room-temperature
measurements. Finally, an excitonic transition originating from the B acceptor level
appears at 350 °C. This analysis yields the key material parameter of electron
affinity, work function, and Er — Ev values that are presented in Table 1. However,
one should note the considerable changes that occurred in these parameters as a
result of the measurements (i.e., compare the as-received room-temperature
condition values to that of the remove, expose, re-insert case).

Table 1 Electron affinity (), work function (¢), and the Fermi level position are relative
to the valance band (Er — Ev) measured on a hydrogenated diamond surface. Units are in eV.

Condition X ¢ Er - Ev
As-received room temperature —0.794 4.720 —0.044
350 °C anneal —0.745 3.875 0.765
Post-anneal room temperature -0.915 3.961 0.594
Remove, expose, re-insert case -0.325 4.805 0.340

To build confidence in the PES transition assignments, a comparison was made
between measured and expected values deduced from the literature for bandgap,
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exciton, phonon, and B acceptor level energies. An excellent agreement between
inferred and measured values was observed for the average values of the phonon-
assisted excitonic transition and the excitonic transition originating from the B
acceptor level. These transitions are illustrated in the band structure diagram in
Fig. 42.
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Fig. 42 Diamond electronic and phononic band structure with PES measured transitions

Finally, an attempt was made to correlate the measured Er — Ev values to the Hall
effect results using the results of Edmonds and co-workers shown in Fig. 43. In the
end, we found that KP combined with PES underestimates the 2DHG charge
density vis-a-vis the Hall effect, but it is “in the ballpark”.
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Fig.43 Er — Ev vs. 2DHG density for H-terminated diamond. Uncertainty in the
measurement of Er — Ev is estimated to be approximately 0.050 eV. Data curve is taken from
Edmonds et al.*
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In conclusion, a combined KP and PES system was used to clarify the details in the
surface band structure of H-terminated diamond. The full band structure
information was obtained, yielding Er — Ev values that were correlated to a 2DHG
charge density using literature results and compared to Hall effect data. These
preliminary experiments revealed a significant decrease in charge density post-
anneal and/or UV light exposure that is possibly due to loss of H that would result
in partial oxidation. Moving forward, we plan to continue with experiments. In
particular, we will work to obtain results on multiple samples and separate the
effects of annealing and UV light exposure. In addition, we plan to improve the
signal-to-noise and chamber environment by various system upgrades.

The drawbacks of the air-doped diamond are the variability of the carrier density in
the diamond depending on the environment and the history of the exposure to the
ambient. Using a solid-state material for transfer doping can reduce the dependence
of the carrier density on the environment and provide higher doping efficiency, thus
higher carrier density and lower sheet resistance. DEVCOM ARL has employed
transition metal oxides (TMOs), such as MoO3 and vanadium pentoxide (V20s), to
dope diamond because those oxides possessed high electron affinity, which aligned
the conduction band in the TMO below the valence band in diamond allowing the
electron transfer from diamond to TMO.* The DEVCOM ARL team has found
that the MoOs3 transfer dopant is poorly compatible with the semiconductor
microfabrication techniques used in our team to fabricate the RF diamond FETs.
Also, our Raman investigation showed evidence of a chemical reaction between the
MoO; and diamond leading to the presence of the sp?>-bonded C on the diamond
surface. For these reasons, we adopted the V>0s as the material of choice for TMO
transfer dopant.

The V205 was thermally evaporated for us at the Blue Wave Semiconductors
(Baltimore, Maryland). We measured the improvement of the surface conduction
in ESCD plates covered with V205 from Rsheet = 7.3 kQ/Y, p = 126 cm?/V s, and
Psheet = 6.8 x 102 cm™? to Rsheet = 4.8 kQ/Y, p = 86 cm?’V s, and
Psheet = 1.5 x 10" cm™. Though a sheet resistances down to 0.7 kQ/Y have been
obtained by other techniques,* the strength of DEVCOM ARL-developed V20s
transfer doping method is that it is compatible with the semiconductor
microfabrication technique used to produce RF FETs. Thus, DEVCOM ARL has
reported diamond transistors with world record-breaking values for TMO-enhanced
FETs output current up to 700 mA/um.*

One issue with the TMO transfer dopants is their stability. The electrical properties
of diamond covered with MoOs; were shown to degrade with time, probably due to
the reaction of MoOs with air. V205 was shown to be more stable in air than MoOs,
but even V20s-capped diamond still suffered a similar degradation of conductivity.
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DEVCOM ARL has explored the electrical stability in the time of diamond that
was covered with TMO doping layers and has developed a process of capping the
diamond-TMO structure with a SiO; protective layer cap. Importantly, the process
was compatible with the FET device fabrication, which put stringent requirements
on the thicknesses of TMO (40 nm) and SiO2 (150 nm). The SiO2 capping layer
improved the electrical stability of diamond plates in time, as shown in Fig. 44.

Stability of electron transport parameters
in MoO,/SiO, encapsulated diamond
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Fig. 44 The stability of the parameters of the electrical conduction of diamond with MoO3
transfer dopant layer and capped with a SiOz (150-nm) protective layer

6.2 Functionalization of the Diamond Surface with Hexagonal
Boron Nitride

6.2.1 Experimental Work

Diamond is a promising ultra-wide-bandgap material with unmatched thermal
conductivity and high bulk charge carrier mobility in the range of 3800 and
4500 cm?/V-s.*4" The difficulty with doping diamond can be overcome by
employing surface transfer doping. The latter can be achieved after surface
hydrogenation, which results in a raising of the valence band that promotes hole
doping. However, the achieved mobilities for near-surface holes are reported to be
in the range of 10 to 300 cm?/V-s,'? which are much lower than the mobilities in
the bulk diamond. One of the reasons for this reduction in mobility is due to charge
carrier scattering at traps and defects in the gate dielectric and the diamond-
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dielectric interface.*® As mentioned in Section 4.1, to mitigate this problem, Sasama
et al.'? employed monocrystalline h-BN as a gate dielectric in a diamond FET. In
this case, a monocrystalline h-BN flake was cleaved using the “Scotch tape
technique” and transferred onto a type Ila diamond (111) surface. The thicknesses
of'the h-BN in these devices ranged between 7 to 16 nm. Unusually high hole carrier
mobilities were achieved in these diamond—h-BN FETs.!? In this application, h-BN
was used as an optimal ultra-thin and pinhole-free insulating material, and for its
unique 2-D crystal properties. Namely, the h-BN surface is atomically flat, has no
dangling bonds, and possesses very few electrically active defects resulting in fewer
scattering events and thus higher mobility.

One of the limitations of utilizing h-BN in the FETs as fabricated by Sasama et al.!?
is the use of the exfoliation technique and mechanical transfer of h-BN onto the
diamond surface. This process is difficult to automate and apply on a wafer-scale
area, thus reducing the number of produced devices to a few individually made
ones. Growing h-BN on diamond may circumvent this limitation. Researchers at
Rice were able to grow h-BN directly on diamond (100) substrate by means of CVD
at a temperature of 1000 °C. Preliminary analysis indicates polycrystalline h-BN
on diamond (100) with an h-BN thickness in the range of a few nanometers.
Similarly, a recent report by Yang et al.*® describes a disordered growth of h-BN
on diamond (100) and highly oriented growth on diamond (111) by means of
metalorganic vapor phase epitaxy at 1380 °C.

The Rice group in collaboration with DEVCOM ARL used an SCD plate that was
hydrogenated prior to the h-BN growth. The hydrogenated diamond substrate had
surface conduction of 30 k€)/Y prior to the h-BN growth. After the CVD growth of
an h-BN layer of approximately 6 nm, the surface conduction was significantly
diminished, most likely due to the loss of H from the diamond surface at the
elevated temperature (1000 °C) during the growth. Since the hydrogenation is
crucial for FETs developed on diamond with the conductive channel at the diamond
surface, the researchers attempted a re-hydrogenation of the h-BN/diamond
heterostructure in a microwave CVD reactor setup for diamond growth. It was
discovered that the hydrogenation did not reinstate the surface conduction of the
diamond substrate, most likely due to the diffusion barrier encountered by the H
molecules.

This observation was corroborated by first-principle calculations of H diffusion
through an h-BN-diamond heterointerface.*® A diffusion potential barrier of
approximately 10 eV was calculated that is an order of magnitude higher than that
encountered in the graphene—diamond heterointerface, rendering it experimentally
impracticable to achieve hydrogenation through the h-BN layer in h-BN—diamond
heterostructure. These results suggest that the mechanical transfer of
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monocrystalline h-BN onto hydrogenated diamond remains the most promising
route for the introduction of h-BN into diamond FETs. That is, until a suitable
process of fabricating a high-quality monocrystalline, atomically thin h-BN
overlayer on hydrogenated diamond is developed.

6.2.2 Theoretical/Modeling Work

Due to the doping limitations imposed by the strong C—C bonds, low dopant
solubility limit, and deeper doping energy, traditional doping techniques such as
substitutional and delta doping techniques are extremely hard to achieve in
diamond. To overcome material-specific limitations and use it as a base material
for RF applications, a novel chemistry-driven doping technique known as surface-
induced transfer doping was recently employed.**° This novel, high-efficient
doping technique is used to invoke p-type surface conductivity of intrinsic
diamond. In this process, a thin-film acceptor layer with high electron affinity (EA)
is interfaced with the hydrogenated diamond surface with a negative electron
affinity (NEA). Initial surface-doped device designs used atmospheric molecules
as the acceptor layer.”! In recent times, TMOs have attracted considerable attention
due to their large EA and potential for improved robustness in devices.’®>
However, TMOs’ tendency to exhibit stoichiometry degradation makes them
vulnerable to the device fabrication process.

Motivated by this and recent encouraging experimental device works, as discussed
in the previous section, our theoretical efforts have focused on performing bottom-
up design of novel acceptor layers (e.g., monolayer 2-D materials) for diamond-
based devices using first-principles density functional theory (DFT).> The
heterostructure between the 2-D layer (graphene and h-BN) and reconstructed H-
terminated—(2X1) H-D (100)—is constructed by minimizing interfacial strain.
The process of heterostructure construction involves three key steps: strain, rotate,
and rotation of the 2-D layer, as illustrated in Fig. 45. The 2-D layer is compressed
10% in the x-plane direction and 3.5% stretched in the y-plane direction. Finally,
the modified 2-D layer is rotated and shifted to minimize the strain. The detailed
information on the heterostructure design can be found in Mirabedini and et al.>*
The process flow of heterostructure design is illustrated in Fig. 46.
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Fig. 45 Process of lattice-matched 2-D-H-D (100) heterostructure design. Blue, red, and
gray (light) atoms represent B, N, and C atoms, respectively.
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Fig. 46 Details on heterostructure design: (Top left to right) unstrained 2XS5 h-BN
(graphene) layer and strained and rotated 2X5 h-BN (graphene) layer and (bottom right to
left) 2X1 H-D (100) substrate and lattice-matched 2-D—H-D (100) heterostructure

Due to interfacial strain, when 2-D layers are allowed to relax on top of the (2X1)
H-D (100) surface, they buckle or ripple around the reconstructed (2X1) H-D (100)
surface. The observed optimized vdW distance between the 2-D layer and (2X1)
H-D (100) surface is approximately 3 A, which is approximately 30% smaller than
the intralayer distance in a bilayer graphene. The optimized rippled 2-D layers on
2-D-H-D (100) heterostructures are illustrated in Fig. 47.
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Fig. 47 Optimized 2-D-H-D (100) heterostructures (left) h-BN-H-D (100) heterostructure
and (right) graphene—H-D (100) heterostructures

Following the structural properties calculation, the electronic properties such as
band structure, surface-resolved density of states (sDOS), and projected density of
states (pDOS) were calculated for 2-D—H-D (100) heterostructures. The sDOS plots
for the heterostructures are plotted in Fig. 48.
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Fig. 48 The sDOS plots for 2-D-H-D (100) heterostructures: (left) graphene/H-D (100)
heterostructures and (right) h-BN—H-D (100) heterostructure

One can obtain further insight into the roles proximal 2-D layers play in modifying
the device-related properties of H-D (100) from the sDOS. In this analysis, the
contributions from the surface states in the band alignment between the 2-D layers
and H-D (100) are determined by isolating the contributions from the surface atoms
in total density of states and plot them together. Here, the first three C layers and
the H atoms, from the top and bottom, are identified as the surface layers of the H-
D (100), whereas the central two layers are identified as bulk atoms. Here, all
energies are relative to the Fermi level of the system. This approach is first proposed
in Sque et al.’®> and is commonly adopted by numerous follow-up theoretical
studies. In the case of graphene—H-D (100) heterostructure, the states from the
graphene Dirac cone contribute to the mid-gap states within the diamond energy
gap and leads to semi-metallicity behavior. In contrast, for the h-BN-H-D (100)
heterostructure, the system retains the gapped properties of the bulk diamond with
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the gap of 3.55 eV, an approximately 15% reduction in the bare H-D (100) surface
gap. All the relevant band parameters from our calculations are tabulated in
Table 2.

Table 2 Calculated device-related parameters for the bare H-D (100) surface and 2-D-H-
D (100) heterostructures. All the numerical values are given in eV.

Eep Ecp Eg Eg EA EA
System Er-BEw  curf) bulk) Gurh ou) V¢ P Gurh bulk)
H-D (100) 0.1509 4.032 5748 4.183 589 4.63 4.855 0.672 -1.045

Graphene/H-D (100) 0.117 1.721 4.032 1.838  5.89 4.424 4.821 2.983 -0.929
h-BN/H-D (100) 0.192 335 5761 3.55 5.95 4.5 4.896 1.346 -1.056

Notes: Er= Fermi level, Ev = valence band energy, Ecb = conduction band energy, Ev, = valence band energy,
E¢ = energy gap, WF = work function, IP = ionization potential, and EA = electron affinity.

For application as a FET, it is necessary to obtain interface carrier confinement
properties of these heterostructures by determining the band alignments between
the constituent systems. In the 2-D—H-D (100) heterostructures, both the charge
accumulation and depletion occur at the interface, which results in the electron
wave function being polarized, leading to the formation of interface dipoles, which
further modifies band alignment at the interface. We identify the band alignments
and band offsets between the interfacing 2-D layers and H-D (100) system by
further analyzing the sDOS and plotting them against the vacuum level as a
common reference energy level. To gain confidence in our numerical values of the
band energies extracted from the sDOS, we also evaluated the band lineup using
the “band alignment” method® by utilizing the microscopic and macroscopic
averages of the electrostatic local potentials for the isolated 2-D layers and
2-D-H-D (100) heterostructures, as shown in Fig. 49. Since the band parameters
obtained from both these methods were quantitatively similar (within 10%), here,
we only discuss the results from the latter method. This method is also a relatively
direct approach that incorporates the atomistic changes in the band alignment due
to the interfacial strain-induced lattice deformation within the heterostructure.*
Schematics of the band alignment characteristics in the graphene—H-D (100) and
h-BN-H-D (100) heterostructures is illustrated in the inset figure of Fig. 49, and a
detailed discussion on the band offsets and work functions () in these systems is
presented in Mirabedini et al.>*
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Fig. 49 Effective potential profile of h-BN-H-D (100) and graphene-H-D (100)
heterostructures. Inset highlights band-alignment characteristics between the 2-D layers and
H-D (100) system in 2-D-H-D (100) heterostructures

As seen in Fig. 49, the potential fluctuations along the H-D (100) surface for both
the heterostructures are quite similar, but the vacuum level for the h-BN-H-D (100)
system is lower in energy than the graphene—H-D (100) system by 80 meV.
However, the work function difference, Ay, between these systems is around
70 meV, resulting in a potential energy difference of 0.15 eV. According to the
Helmholtz equation, the A y is defined as A y = Ac.(A.g0)"!, where Ac is a charge
parameter, A is the surface area, and €o0is vacuum dielectric constant. Since both
the systems have equivalent A at the interface, the bulk of the contributions to the
Ay (by the corollary to the potential drop [AV]) should come from Ac, which
includes changes in the surface dipoles, vdW interaction, and charge transfer due
to heterogeneity.*® Since the charge transfer between the 2-D layers and H-D (100)
is minimal, as suggested by the Bader charge analysis, surface dipoles and vdW
interaction collectively contribute to the Ay. This reduction of work function due
to the adsorption of the 2-D layers on the H-terminated diamond surface is
consistent with the molecule adsorption on Si (100)°” and adsorption of organic
semiconductor on diamond (100) surface.’®

Due to the nonionic vdW interaction, the interfacing 2-D layers modify the surface-
related electronic properties, such as IP and EA, of H-D (100) surface through
charge transfer and modulation of the C—H dipoles. In order to understand the
proximity effect of the 2-D layers on the NEA and IP, we analyzed the band
alignments of these heterostructures and compared them to the intrinsic H-D (100)
surface. The graphene—H-D (100) system exhibit semi-metallic behavior, whereas
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h-BN-H-D (100) system exhibits insulating characteristics. These values are
tabulated along with other electronic properties in Table 2. Even though the surface
gap of the H-D (100) system is reduced from 4.183 eV to 1.838 (3.55 eV) due to
graphene (h-BN) layer, the bulk gap remains within the 5.90 = 0.5 eV. This suggests
that the electronic states from the 2-D layers interact strongly and modify C—H
dipoles at the surface. Consequently, the NEA, one of the critical parameters that
define the magnitude of the accumulated hole channel in the vicinity of the C—H
bonds on the diamond surface, gets modified by the 2-D layers. The value of NEA
decreases by approximately 10% due to graphene, whereas h-BN increases slightly
this materials parameter (~1%). The h-BN layer not only preserves the NEA of the
diamond surface, but also maintains the ultra-wide gap characteristics of the H-D
(100) surface, making it an ideal candidate material as capping layer for H-D (100)
surface. Due to its extremely high dielectric constant, planner structure, and
potential for very low intrinsic charge impurities, h-BN could also minimize
interfacial defects between the oxide-based acceptor layer and the H-D (100)
surface.

Due to the noncovalent, non-interacting bonding, the h-BN layer preserves bulk-
like properties of the diamond surface making it a fascinating candidate for a spacer
layer between the hydrogenated diamond surface and the acceptor layer in surface-
doped diamond transistor applications.’> Even though the observed charge transfer
is minimal across the vdW gap, the electrons and holes in this heterostructure are
predicted to be spatially separated and confined in the h-BN layer and diamond
surface, respectively, resulting in Type-II band alignment. This predicted band
alignment was validated in recent experimental work.>® The spatially separated
electrons and holes are tightly bound and long-lived, and form indirect excitons.
These intriguing electrical neutral quasiparticles are of considerable interest in

60,61 In

current research on next-generation electronic and optical devices.
conclusion, our atomistic modeling supports the feasibility of using the 2-D layers,
particularly an h-BN layer, as an interfacial layer between the H-D (100) surface
and acceptor layer, while leveraging their layer-dependent tunable electronic

properties.

6.3 Oxygenation of Diamond Microcrystals and Polycrystalline
Wafer through Hummers’ Method

Modified Hummers’ method (MHM) is used to convert graphite powders into
graphene oxide (GO) through three-step oxidation reactions. On addition of sulfuric
acid (H2SO4) and sodium nitrate (NaNO3), an acid oxidative environment is created
and the first reaction intermediate formed is acid intercalated graphite structure
(GIC), and through the addition of oxidizing agents such as potassium
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permanganate (KMnQO4) and hydrogen peroxide (H20), the reaction progresses
into the second step by the oxidation into pristine graphite oxide (PGO) followed
by the third step, the completion into GO.®> Considering the extreme
oxidizing nature of the MHM, we have treated 10-N-methylcarbamoyl-3,7-
bis(dimethylamino)phenothiazine (MCDP) with MHM and studied the efficacy of
this method on oxidizing the diamond surfaces. The chemical used and reaction
sequence remains the same and the reactants such as H>SO4, NaNO3, KMnOQOs, and
H>0, were purchased from Sigma Aldrich and used as such without any further
dilution. The various stages of MHM in oxidizing the diamond surfaces are
depicted in Fig. 50.93-64
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Fig. 50 Steps involved in the MHM process to create O-terminated diamond surfaces

The most widely used approaches to study diamond surfaces are XPS, which
reveals the binding energy (BE) states inside a 15-nm-thick layer at the surface, and
Kelvin force microscopy (KFM), where the surface potential with respect to the
scanning probe is deduced.®> In XPS, the expected peaks on the diamond surface
are sp> (about 284.5-285 eV), polyhydride carbon species (285 eV), and hydroxyl
and ether groups (about 286.5 eV). The peak at about 283.5 eV is generally assigned
to m-bonded C atoms. Several authors assign the contribution at about 280-281 eV
to the emission from surface atoms missing the nearest neighbor or caused by the
non-monochromatic sources. On the other hand, oxidation processes produce
several kinds of C—O bonds. As reported in the literature, —C-OH or —C-O-C- bond
bonds appear at a BE of 286.5 eV. At about 288 eV, —O-C-O- bond or carbonyl
groups are assigned and —(O=C)-O- carboxyl groups are found at about 289 eV. In
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this study, FTIR, TEM, and XPS were employed to characterize the MHM-treated
microcrystalline samples.

When it comes to the FTIR spectra, the IR region is extremely difficult to interpret
on the microcrystalline diamond because many contributions from the diamond
core and surface groups are overlapping. Diamond core features are mainly
associated with C—C lattice vibrations and various types of defects.®* N-induced
defects may appear with diverse contributions in the spectra, especially as
detonation product diamond powders have a large amount of N in the core but also
a highly defective structure when compared to bulk diamond. A broad feature in
the 1100-1500 cm ™! region is ascribed to N impurities. The other vibrational modes
reported for N-based defects are 1180, 1260, and 1360 cm™'. Being polar, surface
groups are contributing considerably to the IR fingerprint region. The main
contribution from O-related groups is usually attributed to C—-O—C bending modes
of ether-like groups, acid anhydrides, or lactones around 1100-1140cm’;
however, C-O stretching modes of hydroxyl groups are also generally detected in
this region. C—O bending modes of ether group or epoxy structure are reported at
1260 cm™!, and acid anhydride-related vibrations at 940, 1290, and 1370 cm™! on
oxidized diamond powders. Amide III bands and C—N stretching also contribute to
the 12101320 cm™! region for monocrystalline diamonds having high N content
or aminated surface. Finally, C—H bending modes around 1460 cm ™! are seen when
hydrogenated groups are present on the microcrystalline diamond surfaces.®® When
comparing the IR spectrum of pristine and MHM-processed diamond powder
samples (Fig. 51), the IR bands correspond to C=O vibrations are intensified in
MHM-treated samples also the signals of C=C. The bands C-OH and C-O are
present they are not as intense as C=0O proves the preferential O termination
reaction to just the O functionalization of various kinds.
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Fig. 51 FTIR spectrum comparing the pristine and MHM-process-modified O-terminated
samples. A stark difference is observed in terms of vibrational bands that correspond to C-O
vibrations

The size and morphology of the microcrystalline diamond samples are investigated
through TEM, and the low- and high-magnification images are provided in
Fig. 52a—c. The crystals are a few micrometers in size and uniformly distributed.
The EDS before and after the MHM process is displayed in Fig. 52d and e,
respectively. It is obvious that the net O content in the MHM-treated samples are
around 16% compared to 4% in the pristine samples. TEM EDS is not as sensitive
as XPS; still, the increment in the O content is an indication of surface oxygenation.

50



HM-tMCD -

ai kil
o
Q e
] R s : O
'E ol i ,MMM@-@
gl cere s T
£ 0 : 1k

0 10k 20k 0 10k 20k
Energy / eV Energy / eV

Fig. 52 EDS of microcrystalline diamond powder samples and the EDS showing the elevated
O concentration in MHM-processed diamond samples

An elemental scan was obtained for pristine and MHM-treated microcrystalline
diamond powders for three different pass energies and the results are displayed in
Fig. 53. The difference in the O content between pristine and MHM-treated
diamond powder is readily visible and the increment is approximately 20%
quantitatively. This is a remarkable increment though the contribution from small
impurities and surface adsorbed O still needs to be accounted for.
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Fig. 53 Survey XPS of pristine and MHM-treated diamond powders for three different pass
energies

To study the chemical environment of C on the powder surface, high-resolution
Cls spectra are fetched (pass energy 26 eV) for pristine and MHM-treated samples
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and are displayed in Fig. 54. The C 1s core-level spectra of samples were fitted by
phi lab software with the following reference peaks: 284.5-eV BE assigned to sp?
hybridized C atoms in microcrystalline diamond (graphite-like structure) and
285.4-eV BE assigned to sp’ hybridized C atoms (diamond structure) also could be
due to the formation of C—H and the C—C bonds in the microcrystalline diamond.
Other components including C-O (286.3 eV), C=0 (287.6 eV), and COOH
(288.6 ¢V) with much higher BEs, which usually originated from functionalized—
terminated interface states and ambient O and moisture.’
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Fig. 54 High-resolution Cl1s spectra of pristine and microcrystalline diamond powders

Hence the XPS spectra of pristine and MHM-treated samples can be deconvoluted
to either of the abovementioned species and fitted as appropriate. On comparing the
high-resolution XPS, one can see that the contribution of C-O—C species is much
higher for MHM-treated samples compared to the pristine samples and indicates a
successful O termination. The contribution of other species such as C—O, O—C=0,
C=0 also needs to be taken into account along with C—O—C carbon structures.

We have also tried to simulate the feasibility of oxygenation on a spherical as well
as slab-like sp* C structure through molecular dynamics (MD) calculations. Due to
the presence of different facets and excess surface to volume ration, spherical-
shaped diamond samples are found to be more fertile for O termination compared
to the wafer/slab like diamond structures. The simulated structures and the
percentage of oxygenation predicted are displayed in Fig. 55.
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Fig. 55 MD calculations on the effect of surface geometry on the percentage of oxygenation
via MHM. The excess surface to volume ratio predicts the powder samples are more prone to
oxidation compared to a PCD wafer.

6.4 Oxygenation of Diamond through Acid Mixture

The monocrystalline diamond powder and PCD, respectively, were oxidized by
various wet-chemistry treatments, using H2SOu/nitric acid (HNO3) mixture, aqua
regia, Fenton, and piranha solution. For each of the methods, the reactions were
carried on using the setup shown in Fig. 56a.
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Fig. 56 a) The setup for web-chemistry treatments on diamond powder a PCD. Normalized
XPS survey spectra of diamond powder treated by b) H:SO4/HNO3 at 195 and 360 °C, and
¢) various methods including aqua regia, Fenton solution, and piranha solution. d) Normalized
attenuated total reflectance-FTIR spectra of diamond powder treated by various methods.

To investigate the oxidation behaviors brought by each wet-chemical route, the
XPS measurement was first employed on the oxidized diamond powder. From the
intensities of O 1s peaks demonstrates in Fig. 56b and c, the O content of diamond
before and after all treatments can be estimated. The H>SO4/HNO3 acid mixture
with a ratio of 5:1 under 360 °C presents the highest O Is peak, implying the
greatest oxidation performance on diamond powder via wet-chemical treatment.

To realize the surface component of diamond powders treated by different methods,
the FTIR analysis was carried out. In Fig. 56d, five functional groups can be
detected: methyl/methane (—CH3/CHa, 2885~2996 cm™), single-bonded C/O atom
(C-0, 1043~1140 cm™), epoxy (C-O-C, 1254~1270 cm™), carbonyl (C=O,
1728~1750 cm™), and hydroxyl (-OH, 3300~3500 cm™') groups. Among those,
three of them are the O-related groups (C—O—C, —OH, and C=0), and their peak
intensities are varied depending on the reaction route.

As it is shown that each treatment gives rise to three kinds of oxygenation groups,
their compositions on diamond surface were further analyzed by the high-resolution
O 1s spectra of XPS. From Fig. 57a and b, we can observe three O-related peaks:
carbonyl (C=0), hydroxyl (~OH), and epoxy (C—O—C). Among those, the PCD
oxidized by H2SO4/HNOj3 acid mixture with ratio 5:1 under 360 °C (Fig. 57b) gives
the highest epoxy peak among three kinds, while the pristine PCD (Fig. 57a) and
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one treated by aqua regia (Fig. 57c), Fenton (Fig. 57d), and piranha solution
(Fig. 57¢) present the highest hydroxyl peaks. This observation demonstrates that
most of the wet-chemical treatments are capable to imparting hydroxyl group as the
major surface component, while the H>SO4/HNO3 acid mixture (5:1, 360 °C)
presents epoxy as the alternative. The quantified results for each treatment are
plotted in Fig. 57f.
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Fig. 57 High-resolution core-level O 1s spectrum of PCD: a) pristine sample,
b) H2SO+/HNOs 5:1 at 360 °C, c¢) aqua regia, d) Fenton solution, and e) piranha solution.
f) The quantified results of O-related groups for each of treated samples calculated based on
the whole elements of PCD surface

In order to realize the residual sp? C after wet-chemistry treatments on PCD, the
Raman spectroscopy was performed. Fig. 58a and b present the Raman spectrum
of oxidized diamond that exhibits a sharp sp> peak at approximately 1332 cm!,
while graphene has four Raman peaks, including D band (~1349 cm™!), G band
(~1592 cm™), 2-D band (~2687 cm™), and S3 peak (~2865 cm™). The G band is
chosen as the criterion to judge the degree of residual sp? C. As can be seen, the
H>SO4/HNOj acid mixture with ratio 1:1 under 360 °C gives the lowest intensity
of G band, indicating the best sp? C cleaning effect among wet-chemical treatments.

55



13:1195 °C 1h PCD ! ' 13:1360°C 1h PCD )
(a) PI195:C1hECD 9:1 360°C 1h PCD (b) A

5:1195°C 1h PCD —— 5:1360°C 1h PCD 1:1 360 °C PCD

. 1:1 195 °C 1h PCD e - —— Pristine PCD

~ = —— 1:1360°C Th PCD

= —— Pristine PCD =

r =

gl B — e

- |72

: // :

= /V\/__,/—'—— / |

ol o S ﬁb%

1200 7800 2400 30001200 i1 300 2400 3000 1000 1500 2000 2500 3000

Raman Shift cm™) Raman Shift (cm™)

. H,S0,/HNO,
Pristine 1:1 360°C
Roughness (nm) 0.134 0.0770
C=C(%) 3.60 2.96

Fig. 58 Normalized Raman spectra of PCD treated by H2SO+/HNOj3 at a) 195 and 360 °C,
and b) various methods. The images of AFM spectroscopy of PCD: c) untreated (0.134 nm)
and d) H2SO4/HNO3 1:1 at 360 °C (0.077 nm) treated samples

Furthermore, the AFM spectroscopy was performed to characterize the roughness
of diamond material treated by wet-chemical routes. In Fig. 58c and d, the surface
roughness of PCD declines, against pristine one, after the treatment of acid mixture
(1:1, 360 °C), implying it can smoothen the surface of diamond material.

6.5 Oxygenation of Diamond through UV Ozone and O, Plasma

In light of the oxidizing performances of wet-chemistry methods on diamond
material, the PCD was further chosen as the substrate to demonstrate the
oxygenating behavior of dry-chemical routes, UV ozone, and O> plasma. The
process depicted in Fig. 59a was used during the procedures.
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Fig. 59 a) Schematic illustration of dry-chemistry treatments on PCD. b) Normalized XPS
survey spectra of PCD treated by UV ozone and O: plasma.
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The XPS measurement was first employed on the oxidized PCD to learn the
oxidation behaviors of dry-chemical treatments. From the intensities of O 1s peaks
present in Fig. 59b, the oxygenation abilities of UV ozone and Oz plasma on PCD
are estimated. The O> plasma gives the topmost O 1s peak, implying the higher
oxidation performance than UV ozone has.

As found before, each oxidizing treatment brings three kinds of O-related group,
their compositions on dry-chemical-oxidized PCD surface were further analyzed
by the high-resolution O 1s spectra of XPS. From Fig. 60a and b, three O-related
groups can be found: carbonyl (C=0), hydroxyl (-OH), and epoxy (C—O-C). The
O2 plasma and UV ozone, respectively, demonstrate the topmost peaks of epoxy
and hydroxyl groups among the three kinds. The quantified results for each
treatment are plotted in Fig. 60c.

(a ) 0 Pla?‘ma ( b) Ozone/UV (C) § N % (OT‘) —
PCDW PCDW E 8

g

z z £ o
-4 L Z
1= &) g

z = ‘ -
Z =0 = g
= = =

< e S 2
= = / B . —
- = 7] ¢ g
g ]

PR - - = 14
g £
" M " 3 8
536 534 532 530 528 536 s:u 5;2 530 528 =

Binding energy (eV) Binding Energy (V) Pristine Ozone/UV 0, Plasmas

Fig. 60 High-resolution core-level O 1s spectrum of PCD: a) O: plasma and b) UV ozone.
¢) The quantified results of O-related groups for each of treated samples calculated based on
the whole elements of PCD surface.

The Raman spectrum was also performed to realize residual sp?> C after dry-
chemistry treatments on PCD. In Fig. 61a, both Oz plasma and UV ozone show a
lower G band than the pristine diamond has, which indicates the sp’> C cleaning
effect.
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Fig. 61 Normalized Raman spectra of PCD treated by a) UV ozone and b) Oz plasma. The
images of AFM spectroscopy of PCD treated by ¢) UV ozone (0.120 nm) and d) O: plasma
(0.170 nm).

Moreover, from the AFM spectroscopy in Fig. 61b and ¢, we can observe that the
UV ozone can smoothen the diamond surface while the O2 plasma roughens it.

6.6 Diamond Doping by lon Implantation

Ion implantation is a process whereby ions of one element are accelerated into a
solid target, thereby changing the physical or chemical properties of the target. This
technique has been widely applied in the semiconductor industry, doping or
otherwise modifying Si and other semiconductor wafers. A major advantage of ion
implantation is the capability of precisely controlling the number of implanted
dopant ions. The selection of dopant ion species and control of dose amount and
implantation energy allows selective doping, to fabricate a proper conduction type
and resistivity. Besides, the depth distribution of the injected dopants is directly
related to the implantation energy and the masses of the target material and ion,
which can be simulated and predictable. Ion implantation has already applied on
diamond for various purposes, including graphitization, p- and n-type doping,
creation of ohmic contacts, and creation of a nitrogen-vacancy (NV) center.

After discussion with the DEVCOM ARL team and the collaborator Dr Di Chen at
the Texas Center for Superconductivity at the University of Houston, two ion
implantation plans were selected (Table 3). The first one is the p-type doping of
diamond by B implantation with low energy (20-60 keV). The low-energy ions
would form a heavily doped layer close to the diamond surface less than 100 nm,
which is used for creating ohmic contacts. Another one is n-type doping of diamond
by phosphorus (P) implantation with high energy (1.5 MeV). It is expected to form
an n-type layer approximately DEVCOM ARL. The B-implanted layer on #5
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ESCD was found and removed after annealing and acid cleaning. Therefore the
implantation energies were increased for the subsequent diamond samples.

Table 3 Ion implantation diamond sample list
Expected
Diamond Imp.lanted Energy . D;)se 2 implantation Status
ion (ion/cm?) depth (nm)
#1 PCD B 20 keV 2.5E15 37+11 Finish
#2 PCD B 40 keV 3.7E15 69+ 16 Finish
#3 PCD P 1.5 MeV 2.5E13 707 £ 66 Pending
#4 PCD P 1.5MeV 2.5E13 or higher 707 + 66 Pending
#5 ESCD B 20 keV  2.6El15 at 60° 20+ 10 Finish/sent to DEVCOM ARL
#6 SCD B 40 keV 3.7E15 69+ 16 Finish/sent to DEVCOM ARL
#7 SCD B 40 keV 3.7E15 69+ 16 Finish/sent to DEVCOM ARL
#8 SCD B 60 keV 4.3E15 97 +£20 Finish/sent to DEVCOM ARL
#9 SCD B 60 keV 4.3E15 97 +20 Finish/sent to DEVCOM ARL

Figure 62 shows the picture of a pristine standard-grade SCD, a 40-keV B-
implanted SCD, and a 60-keV B-implanted SCD. It can be clearly observed that
the optical contrast of the implanted diamond is different from the pristine diamond.
A similar phenomenon has been found on PCD. Figure 63a—b shows optical images
of a pristine PCD, a 20-keV B-implanted PCD, and a 40-keV B-implanted PCD.
Scattered patches with dark contrast can be observed on implanted PCD samples.
Raman spectra in Fig. 63d-f indicate the dark area and bright area have different
intensities of the diamond peak. On the 20-keV B-implanted PCD, the diamond
peak is more intense on dark area than that on the bright area. In contrast, the
intensity of the diamond peak is higher on the bright area than that on the dark area
on the 40-keV B-implanted PCD. These results are consistent with the diamond
peak intensity mappings shown in Fig. 63g and h.

Fig. 62 1) pristine SCD, 2) 40-keV B-implanted SCD, and 3) 60-keV B-implanted SCD
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Fig. 63 Optical image of a) pristine PCD, b) 20-keV B-implanted PCD, and c) 40-keV B-
implanted PCD. d) Raman spectra of pristine PCD. e) Raman spectra and g) diamond peak
intensity mapping of 20-keV B-implanted PCD. f) Raman spectra and h) diamond peak
intensity mapping of 40-keV B-implanted PCD.

7. On the Hydrogenation of Diamond Surfaces: A Reactive
Molecular Dynamics Study

Recently, scientific research has shown that the use of diamond as a p-type material
can be a relevant innovation for the next-generation FETs.**7° Diamond has a high
mobility of charge carriers and high thermal transport, and is extremely tolerant to
high-voltage application, extreme heat, and even radiation.”! Along with this, the
manufactured diamond has been showing a decreasing cost of production over the
years.’? These qualities make diamond-based FETs ideal for the next generation of
electronics that could equip RF devices, for example.

In the diamond-based FETs studied so far, hydrogenated diamond is used in order
to eliminate the dangling bonds at the C atoms in the surface and avoid reactions
with the material used as a gate. H also has the purpose to create a channel of holes
that contributes to the conductivity of charge carriers in the diamond surface.
Regarding the possible surfaces of the diamond that can be synthesized, depending
on the distribution and number of dangling bonds of the C atoms, defects and
reconstructions on the surface can occur. Thus, this also has a direct impact on how
the hydrogenation of the surface will occur and the final properties of the surface.
As it is known that the H layer influences the charge transport, it is important to use
a surface with the least possible amount of dangling bonds and more H atom:s.
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As far as we know, there is no study that evaluates the quality and quantity of
hydrogenation on different diamond surfaces. Then, our aim here is, using MD
simulation, to perform studies of diamond hydrogenation in different surfaces,
evaluating the resulting surface roughness, reduction of superficial dangling, as
well as the electronic structure of the surfaces. From the obtained results, we hope
to help the experimentalist to select the best diamond surface orientation to perform
the hydrogenation that could bring improvements to FET application.

7.1 Methodology

Using MD simulation, our objective here is to evaluate the characteristics of
different diamond surfaces and test the quality of the hydrogenation performed in
each one. All MD simulations presented here were performed with the reactive
force field (ReaxFF),”? as implemented in the computational code Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).”

To perform our study, we select four different diamond surfaces: (001), (013),
(110), and (113). For these bare surfaces, it is interesting to evaluate the C dangling
bonds available at each one, if there are reconstructions occurring at the surface,
and also the surface stability. From this information, we can evaluate the number
of H atoms that can be incorporated at each surface and also the groups formed at
the surface (—-CH, —CH>, or —CH3).

To evaluate the characteristics of each selected diamond surface, we build diamond
slabs of approximately 5 x 5 nm? and with eight layers for each one. Then, we
performed thermal equilibration via MD to test their stability in room temperature,
500, 700, 900, and 1200 °C for 400 ps. These simulations were performed in an
NVT ensemble and a timestep of 0.1 fs. The periodic boundary conditions (PBC)
were applied in the x- and y-directions (reproduce the neighboring slabs) during the
simulations.

After studying the properties of each bare surface, we performed hydrogenation in
each one. To do so, we created an atmosphere of H atoms (randomly distributed)
and put it in contact with each thermally equilibrated diamond surface. The number
of hydrogenation atoms in contact with each diamond surface is equal to the initial
number of dangling bonds + 20% of this value. We allowed the x- and y-directions
to be periodic, but we confine the system along the z-direction adding an infinitely
hard Lennard—Jones walls at the bottom and top of the box, respectively. Then, for
each diamond surface, we carried out MD runs of 5.0 ns at 500, 700, 900, and
1200 °C in an NVT ensemble. The box size of the simulation was chosen to keep
the internal pressure at 1 atm. The MD timestep used in these simulations was
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0.1 fs. After each simulation, we evaluate the number of incorporated H atoms in
each surface along the time.

7.2 Results and Discussions

Here we present the general results and conclusions of our studies. First, we briefly
present the results obtained for each bare diamond surface and then follow with the
hydrogenation studies results.

7.2.1 Bare Surfaces

7.2.1.1 Surface (001)

In Fig. 64, we present the snapshots of the (001) diamond surface in its initial
configuration and after the thermal equilibration at 900 °C. The C atoms
highlighted in red have initially two dangling bonds each one, which results in
approximately 32 dangling bonds per nm? (Fig. 64a). These surface C atoms are
distant approximately 2.5 A each one.

Initial

A
,)" o "lf "y

A‘.. .'.A I‘I'

142
+-0.02 A

‘l) ll
nnllln ‘l
| (1) (

l--l lI o -Q._.&,” ]
\-' v: .} é';.(\H

' 'l' S\ Il \am! [

Fig. 64 Diamond surface (001) a) before and b) after a thermal equilibration at 900 °C.
c) Representative bond lengths between C atom at the surface.

When we start to heat up the slab, reconstructions start to occur at the surface. As
can be seen in Fig. 64b, which is the surface thermalized at 900 °C, the C atoms at
the surface (the red one) will bond with its neighbor, decreasing the number of
dangling bonds and generating a reconstruction (2x1). This is in good agreement
with the experimental data and with some electronic structure simulations.
However, our results indicate that the (2x1) reconstruction is temperature-
dependent in (001) surface, in which we observed that the surface presents 10%,
75%, 80%, 85%, and 85% of reconstruction in, respectively, room temperature,
500, 700, 900, and 1200 °C. This corresponds with the approximately 30, 22, 19,
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18, and 18 dangling bonds at the surface at room temperature, 500, 700, 900, and
1200 °C, respectively. These dangling bonds in each temperature indicate the
places available to be hydrogenated.

Regarding the C bond length in the bulk and surface in our (001) slab, we observed
some fluctuation on it at different temperatures. In the bulk part, at room
temperature, the C—C bond length presents an average value of 1.55 + 0.03 A and
increasing the temperature, this average value has a fluctuation of up to
approximately 0.02 A. This value is characteristic of the sp>—sp® bonds, as expected
for diamond. At the surface, the reconstructed C atoms (dimer) present a bond
length of 1.42 + 0.02 A at room temperature, as depicted in Fig. 64c, with a mix
sp’—sp? and sp>—sp? character. As for the bond length of one of the C atoms that
participate in the reconstruction and a C atom underneath of it (see Fig. 64c) present
a bond length of 1.52 + 0.05 A, which corresponds to an sp>~sp? bond. Increasing
the temperature, we also observed an increase of approximately 0.02 A in the
average values. Note these bond length values were obtained by doing an average
along all elapsed time of simulation.

7.2.1.2 Surface (013)

In Fig. 65, we present the snapshots of the (013) diamond surface configuration.
Different to the observed for the surface (001), the surface (013) did not present
any surface reconstruction with respect to the temperature, keeping the same
number of the dangling bonds at room temperature, 500, 700, 900, and 1200 °C.
The C atoms highlighted in red (Fig. 65a) have two dangling bonds each and the
green ones, one dangling bond each. Then, this surface presents approximately 29
dangling bonds per nm?. The red surface C atoms are distant approximately
3.1 A each one.

+/-0.04 A

Fig. 65 Diamond surface (013) a) after a thermal equilibration at 900 °C. b) Representative
bond lengths between C atoms at the surface.

Regarding the C bond length, in the bulk part the C—C bond length presents an
average value of 1.55+0.03 A at room temperature, and increasing the temperature,
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this average value changes up to approximately 0.02 A. This value is characteristic
of the sp’~sp® bonds, as expected for diamond. At the surface, as depicted in
Fig. 65b, the bond length between the green and red C atoms (the ones with
dangling bonds) is 1.45 + 0.03 A, presenting an sp’—sp? character. As for the bonds
between the green and red C atoms with a C atom, which do not have dangling
bond present, they both have a bond length of 1.54 + 0.03 A, which can fluctuate
between an sp’—sp’ and sp—sp? character. Increasing the temperature, an increase
of approximately 0.02 A in the average values for the superficial atoms is observed.
Again, these bond length values were obtained by doing an average along all
elapsed time of simulation.

7.2.1.3 Surface (110)

In Fig. 66, we present the snapshots of the (110) diamond surface configuration.
This surface did not also present any surface reconstruction with respect to the
temperature. The C atoms highlighted in red (Fig. 66a) have one dangling bond
each and they are distributed in a zig-zag configuration. This surface presents
approximately 22 dangling bonds per nm?, and as this surface do not reconstruct,
this number remains the same at the tested temperatures (i.e., room temperature,
500, 700, 900, and 1200 °C).
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Fig. 66 Diamond surface (110) a) after a thermal equilibration at 900 °C. b) Representative
bond lengths between C atom at the surface.

For this diamond surface, in the bulk part, the C—C bond length has an average
value of 1.55 + 0.04 A at room temperature, representing an sp’—sp> bond. Similar
to the other studied surfaces, increasing the temperature, this average value can vary
up to approximately 0.02 A. At the surface, as depicted in Fig. 66b, the bond length
between the red C atoms is 1.46 + 0.03 A, presenting an sp>—sp” character. As for
the bonds between the red C atoms and the ones underneath of them, they both
present a bond length of 1.53 + 0.03 A, a characteristic that fluctuates between an
sp’—sp®> and sp’—sp® character. Increasing the temperature, an increase of
approximately 0.02 A in the average values for the superficial atoms is observed.
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These bond length values were obtained by doing an average along all elapsed time
of simulation.

7.2.1.4 Surface (113)

In Fig. 67, we present the snapshots of the (113) diamond surface configuration.
The C atoms highlighted in red (Fig. 67a) have two dangling bonds each and the
green ones, one dangling bond each. For this surface, we did not see surface
reconstruction up to 900 °C, but at 1200 °C, a few amounts of reconstructions start
to occur. According to this, this surface presents approximately 30 dangling bonds
per nm? until 900 °C, and this number decreases slightly to 28 at 1200 °C. The red
surface C atoms are distant approximately 2.5 + 0.03 A for each one.
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Fig. 67 Diamond surface (113) a) after a thermal equilibration at 900 °C. b) Representative
bond lengths between C atoms at the surface.

As also observed for other surfaces, in the bulk part, the C—C bond length presents
an average value of 1.55 + 0.02 A at room temperature, and this average value
changes up to approximately 0.02 A when the temperature is increased. This value
is characteristic of sp’~sp® bonds, as expected for diamond. At the surface, as
depicted in Fig. 67b, the bond length between the green and red C atoms (the ones
with dangling bonds) is 1.46 + 0.02 A, presenting an sp>~sp? character. The bonds
between the red C atoms with a C atom that do not have a dangling bond
(see Fig. 67b) have a bond length of 1.56 + 0.04 A. As for the green one bonded to
a C atom that does not have a dangling bond, a bond length of 1.53  0.03 A is
observed. According to these bond lengths, we can consider that these bonds have
an sp>—sp’ character. As pointed out before, these bond length values were obtained
by doing an average along all elapsed time of simulation.

7.2.1.5 Surface Stability

From our simulations, we can also evaluate the surface stability of each diamond
surface studied here. This could give us an idea of the easier surface to be
produced/synthetized. In Fig. 68, we present the potential energy per atom in
relation to the elapsed time of MD simulation at room temperature. We did not
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show the same data for the other tested temperatures as they present the same
tendencies seen at room temperature. As we also observed a constancy in the
potential energy after 60 ps of simulation, our graph presented in Fig. 68 shows the
data obtained for 75 ps of simulation. As can be seen, the most stable surface is the
(110), followed by the (013), (113), and (001). For the surface (001), we observed
a decrease in the potential energy per atom up to approximately 55 ps of simulation,
and this is due to the reconstructions that are happening on the surface; when the
reconstruction ends, the energy remains constant (after ~55 ps). These data are in
agreement with the literature, in which electronic structure simulation suggests that
the surface (110) is the most stable one.”*"
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Fig. 68 Potential energy per atom in relation to the elapsed time of MD simulation at room
temperature

7.2.1.6 Results for the Number of Dangling Bonds

According to the simulations performed for the bare diamond surfaces (001), (013),
(110), and (113), we can now have an idea of how many spots available to
hydrogenation each surface has. In Table 4, we present the available dangling bonds
in each surface in relation to the temperature. As can be seen, only the surfaces
(013) and (110) have a constant value of dangling bonds at the surface independent
of its temperature. The (001) and (113) surfaces present some modification in the
number of available dangling bonds with the temperature, but the last one presents
some modification at only very high temperature (1200 °C). This information is
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very relevant, since the temperature at which we want to perform the surface
hydrogenation will influence the initial available dangling bonds.

Table 4 Number of dangling bonds at different diamond surfaces in relation to the
temperature. These data were collected according to the results presented in the previous
sections

Dangling bonds per nm? in relation to the temperature

Surface Room 500 °C 700 °C 900 °C 1200 °C
temperature
(001) 30 22 19 18 18
(013) 29 29 29 29 29

7.2.2 Hydrogenation of Different Diamond Surfaces

After an extensive evaluation of the bare diamond surfaces and now having an idea
of the number of available dangling bonds in each studied surface, we proceed to
the hydrogenation simulations. Then, we put each diamond surface (previously
thermalized in different temperatures) in contact with an atmosphere of H atoms
and we tested the hydrogenation evolution in four different temperatures: 500, 700,
900, and 1200 °C. In Fig. 69a, we present snapshots of the initial configuration of
each tested diamond surface in contact with the atmosphere of H atoms.
Experimentally the most common temperatures in which the hydrogenation is
performed are in the range of 700—900 °C using H plasma. Then, we decided to test
other temperatures in order to have an idea of how much the hydrogenation changes
when the process is done in different temperatures. To have an idea of the final
results of each hydrogenation process, in Fig. 69b, we present the snapshots of the
resulting hydrogenated diamond surfaces at 900 °C after the H incorporation
saturation.
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Fig. 69 a) Snapshots of the initial configuration of each tested diamond surface in contact
with the atmosphere of H atoms. b) Snapshots of the resulting hydrogenated diamond surfaces
at 900 °C after the H incorporation saturation.

In Fig. 70, we present the number of H atoms per nm? that are incorporated in each
tested diamond surface in relation to the elapsed time of simulation. The data
presented in Fig. 70 were fitted wusing an exponential function
#H(t) = #HO — Ae(-t/B). #H(t) and #HO represent, respectively, the number of H
atoms per nm? that are incorporated into the diamond surface in a time t (in ps) and
the saturated one (when the incorporation saturates); A and B are adjusted
parameters. As can be seen, it is clear the temperature effect and the contact with a
different type of surface in the hydrogenation dynamics. All saturation curves
suggest that independent of the temperature and type of surface, approximately
3 ps are necessary to reach the most possible H incorporation in each nm? of the
surface.
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Fig. 70 Number of H atoms per nm? incorporated in each tested diamond surface in relation
to the elapsed time of simulation

From the data of #HO obtained for each curve in Fig. 70, we can evaluate the
number of H atoms that can be incorporated into each surface in relation to the
temperature. These data are shown in Fig. 71a. As can be seen in Fig. 71a, the
number of H incorporation in relation to the temperature has an almost linear
behavior for all studied diamond surfaces. The highest number of H atoms on the
surface can be reached for surfaces (013) and (113); this is expected, as they have
the highest number of dangling bonds (see Table 4).

20 70
(@) “F < oo (b) = "F—— w©op)
18| —=- (013) £ k| --=- (013)
E | ——— (110) B 6oL | —*— (110)
o, 16F| —-a—- (113) _§ L | —-a— (113)
: 14f » F
2 g HF
T 12F g§ [
Gy - e = o
S E o = F
F10E § =40
E _ £ r
8E , s
F o N30k
[ i T T T T T T T T T T T Y T T I I | T T T N T T T T T T T T T T T O I
400 600 800 1000 1200 400 600 800 1000 1200
Temperature (°C) Temperature (°C)
Fig. 71 a) Total number of H atoms that are incorporated in each surface in relation to the

temperature. b) Percentage of the initial dangling bonds per nm? that a H atom is incorporated
in relation to the temperature in each surface.
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However, beyond the number of H atoms that can be incorporated at the surface, it
is also important to verify which surface is most efficient in the hydrogenation
process (i.e., the one in which the highest possible number of dangling bonds are
consumed during the hydrogenation). To do such analysis, in Fig. 71b, we present
the percentage of the initial dangling bonds per nm? that an H atom is incorporated
in relation to the temperature on each surface. These percentages are based on the
number of the initial dangling bonds in each temperature presented in Table 4 and
the total number of H incorporations in each surface. As can be seen in Fig. 71b,
the percentage of hydrogenation that can be done on the diamond surface can reach
values around 60% at 1200 °C. This indicates that it is not possible to reach 100%
of surface hydrogenation. From 700 °C to higher temperatures, we can see that the
surfaces (001) and (110) are the most efficient surfaces to perform hydrogenation,
reaching the highest percentages of the dangling bonds consumption. As the
surfaces (013) and (113) present atoms with two and one dangling bonds at the
surface (see the atoms highlighted in red and green in Figs. 72 and 67), the ones
that have one dangling bond are less exposed (underneath) to the ones with two
dangling bonds. Then, the atoms underneath the most exposed ones are less easy to
reach, and this reflects in the number of hydrogenations that can be done at the
surface. In conclusion, even though the surfaces (013) and (113) present the highest
number of H atoms at the surface in comparison to the (001) and (110), they are not
the most efficient to consume the highest possible number of dangling bonds.

7.3 Continuing Simulation Work

We have studied the characteristics of four different bare diamond surfaces—(001),
(013), (110), and (113)—and the efficiency of the hydrogenation process in each
one. Our results indicated that the number of dangling bonds at the surface is
temperature-dependent for the (001) surface, but it has a less-pronounced effect for
other tested surfaces. As the surfaces (013) and (113) have the highest number of
dangling bonds (29 and 30 dangling bonds per nm?, respectively), they will have
the highest number of H at the surface (for example, 14 and 15 H atoms per nm? in
comparison with the 10 and 12 H atoms per nm? found in surfaces (001) and (110),
respectively, at 900 °C). However, as there are atoms with dangling bonds that are
less easy to be reached by the H atoms in the surfaces (013) and (113), they are less
efficient for hydrogenation in comparison with the surfaces (001) and (110). For
example, while approximately 55% of initial dangling bonds can be consumed by
the hydrogenation process at the surfaces (001) and (110), this number decreases to
approximately 48% and 50% for the surfaces (013) and (113), respectively, at
900 °C. From these results, it is necessary to perform some electronic structure

simulations in order to verify which condition is better: the highest number of H
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atoms or the lowest number of dangling bonds at the surface. We are planning to
do such simulations to clarify this point.

The future prospects for this project are to 1) evaluate the formed groups in different
diamond surfaces (CH, CHz, and eventually CH3) after the hydrogenation process;
2) according to the results obtained from part 1, evaluate how the different
hydrogenated groups at the diamond surface change the electronic properties; and
finally, 3) evaluate the roughness and charge distribution before and after the
hydrogenation process. After these evaluations, we could have a clear conclusion
of the best conditions to perform the hydrogenation and which diamond surfaces
will be recommended to be exposed to present the best performances in FET
applications.

8. Collaborations between the Rice Team and DEVCOM ARL
Team

The Rice team and DEVCOM ARL team have been working closely since the
project starts. In addition to having biweekly meetings, both teams had a lot of
interactions, discussions, and specimen exchanging. Table 5 lists some of the
samples exchanged between the Rice team and DEVCOM ARL team.

Table 5 Samples exchanging between Rice and DEVCOM ARL

Exchanged No. of Rice—  DEVCOM

samples samples Purposes DEVCOM ARL—
P P ARL Rice
Pristine PCD, .
SCD, ESCD >13 Surface hydrogenation Y Y
Hydrogenated 3 Annealing and h-BN direct v v
ESCD growth
h-BN transferred Hydrogenation and electrical
. 4 Y Y
on diamond measurement
Boron implanted . .
SCD, ESCD 5 N-type doping diamond Y
. . Observing cross-section
Diamond devices 2 interfaces by FIB and TEM Y
Oxidized
diamond powder >6 Characterizations Y
and PCD
Patterned h-BN transfer Y

diamond devices
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9. Conclusions

This report assembles various research activities as part of the Cooperative
Agreement (CA) between Rice and DEVCOM ARL. These efforts focus on the
joint collaborative work between the two institutions in developing diamond as the
next-generation, ultra-wide-bandgap material for electronic devices. The Rice team
has excellent experience in the growth and development of high-quality materials
and the DEVCOM ARL team has outstanding experience in developing diamond-
based devices. The synergies have been developed during the first year of the
project and a strong collaborative team has been formed.

With the help of the CA and significant investment from Rice, a state-of-the-art
diamond growth facility has been created at the newly formed center at Rice. The
facilities to grow high-quality diamond is now ready and the second year of the
program will see rapid progress in the preparation of high-quality samples that will
be used by the DEVCOM ARL team to build devices. Growth of SCD substrates,
as well as heteroepitaxial growth of diamond and c-BN, will be a significant
advance in the field. Considerable work was done during the first year to optimize
the growth of high-quality h-BN and transfer these onto H-terminated diamond
substrates. These samples have been sent to DEVCOM ARL for device fabrication.
The creation of diamond-based heterointerfaces is the core of the project and
several such heterostructures have been synthesized and characterized. Doping of
diamond crystals with B has been attempted using ion implantation and this is being
optimized is giving rise to new ways to dope diamond. Surface modification of both
H- and O-terminated diamonds is important for device fabrication and these surface
modification studies were rigorously followed to both understand the surface
terminations as well as modify surface properties of diamond. The strong
theoretical effort was used to support several of the experimental activities
including growth, surface modification, and doping in diamond.

The development of specific metrology for diamond-based structures has been
another highlight during the first-year effort. Various new techniques, such as THz
spectroscopy, SHG techniques, scanning probe techniques, and so on, have been
explored to enable the fast and efficient characterization of diamond surfaces in
addition to conventional imaging and spectroscopy methods. Characterization of
materials has been done in synergy with DEVCOM ARL researchers and facilities
at DEVCOM ARL. Some of the device structures fabricated at DEVCOM ARL are
being characterized in detail at Rice using FIB slicing and high-resolution
transmission microscopy. The details revealed from these studies will enable
optimization of the device architectures being developed at DEVCOM ARL.
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A strong collaboration team has been built during the first year between teams at
Rice and DEVCOM ARL. Interactions included bimonthly discussing via
Microsoft Team, phone calls, specimen exchanges, joint publications (several in
the pipeline), and use of the facilities at both sites. Second year will see strong
interaction as the diamond substrates being grown at Rice will be directly used by
DEVCOM ARL in device fabrication. The collaboration will extend to other
Department of Defense labs (Air Force Research Laboratory, NRL) in the future.
The work done during the first year lays the foundation for a long-term
collaboration between Rice and DEVCOM ARL toward developing diamond-
based, ultra-wide-bandgap electronic device 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 enable new
opportunities in the network platforms that are being developed as part of the same
CA.
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2DHG
a-BN
AFM
Ar
ARL
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BE
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BSE

CA
c-BN
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CVD
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DC
DEVCOM
DFT
EA

Ecb
EDS
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2-dimensional

2-D hole gas

amorphous BN

atomic force microcopy

argon

Army Research Laboratory
boron

boron carbon nitride

binding energy

boron nitride

backscatter electron
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Cooperative Agreement

cubic BN

constant final state yield spectroscopy
chromium

chemical vapor deposition
copper

direct current

US Army Combat Capabilities Development Command
density functional theory
electron affinity

conduction band energy
energy dispersive spectroscopy

Fermi level

energy gap
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Ev

Ew
FET
FIB
FTIR
Ga
GaN
GIC
GO
H/H>
h-BCN
h-BN
HNO;
H>0,
H>SO4
HV
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IPA

Ir

IR
KFM
KMnOq4
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LAMMPS
MCDP
MD

electronic-grade single-crystal diamond
valence band energy
valence band energy
field-effect transistor
focused ion beam
Fourier transform IR
gallium

gallium nitride

graphite structure
graphene oxide
hydrogen

hexagonal BCN
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nitric acid

hydrogen peroxide
sulfuric acid
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ionization energy
isopropyl alcohol
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infrared

Kelvin force microscopy
potassium permanganate

Kelvin probe

Large-scale Atomic/Molecular Massively Parallel Simulator
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molecular dynamics
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MPCVD

NaNOs
NEA
NRL
NV

PCD
PDMS
pDOS
PES

PGO
PLD
PFM
PMMA
Pt

RF
RHEED
RUNSRA

SCD
sDOS

magnetic force microscopy
modified Hummers’ method
molybdenum

molybdenum disulfide
molybdenum trioxide
microwave-plasma CVD
nitrogen

sodium nitrate

negative electron affinity
Naval Research Laboratory
nitrogen-vacancy

oxygen

polycrystalline diamond
polydimethylsiloxane
projected density of states
photoemission spectroscopy
pristine graphite oxide

pulsed laser deposition
piezoelectric force microscopy
poly(methyl methacrylate)
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radio frequency

reflection high-energy electron diffraction
Rice University National Security Research Accelerator
sulfur

single-crystal diamond

surface-resolved density of states
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SEM
SHG
Si

SiC
Si0,
STEM
TEM
THz
THz-TDS
Ti
T™MO
TRT
uv
UHV
vdW
V205
w-BN
WF
XPS
XRD

scanning electron microscope
second-harmonic generation
silicon

silicon carbide

silicon dioxide

scanning transmission electron microscopy
transmission electron microscopy
terahertz

THz-time domain spectroscopy
titanium

transition metal oxide

thermal release tape

ultraviolet

ultrahigh vacuum

van der Waals

vanadium pentoxide

wurtzite BN

work function

X-ray photoelectron spectroscopy

X-ray powder diffraction
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