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Abstract

The great properties of the paramagnetic nitrogen-vacancy (NV) color center in diamond predestine it for nanoscale sensor applications; how-
ever, these properties are often compromised when NV centers reside near diamond surface for sensing. Here we show in a mini review that
first-principles calculations can characterize diamond surfaces and predict the ideal surface terminators to host NV sensors. We discuss tech-
nical issues on the modeling of NV centers close to diamond surfaces, and results on the most employed diamond (100) and the most prom-

ising (111) surfaces with various terminators involving hydrogen, oxygen, fluorine, and nitrogen are presented.

Introduction

Paramagnetic optically active centers in solids are of prime
importance in an increasing range of applications, particularly
in nanosensing technology and quantum information pro-
cesses."""] The spins associated with color centers are exqui-
sitely sensitive to the environment perturbations and the
external fields that drive them. Thus, these paramagnetic
color centers are utilized as fluorescent probes for sensing tech-
nology and biologic imaging.”® The environmental noise
induces two kinds of changes to the spin quantum state: (1)
Spin relaxation, which is also called longitudinal relaxation
or T; (spin—lattice relaxation time) process. It refers to the
change of the longitudinal component of the spin. (2) Spin
dephasing, which is also called transverse relaxation or 7T,
(spin coherence time) process. It refers to the transverse compo-
nents of the spin magnetization vector. The spin quantum deco-
herence induced by random noises from the surroundings
(electron and nuclear spins in the lattice) is therefore utilized
to reveal the environmental information. The negatively
charged nitrogen-vacancy (NV) color center in diamond,
denoted as NV(—), is a prominent candidate that possesses
both long longitudinal and transverse relaxation times under
ambient conditions.””"?) As a nanoscale sensing, NV centers
can sensitively detect paramagnetic and nuclear spins in its
vicinity by using 77 and 7, AC sensing magnetometry
scheme.!'” The spin—lattice 7} time of near-surface NV was
employed to sense paramagnetic ions (e.g., Gd**, Mn®", and
0,)"'"! and magnetic Johnson noise,!'* while the spin coher-
ence T, time of near-surface NV was sensitive to the kHz fluc-
tuations induced by nuclear spins, such as 'y, 9, 3tp,113]

https://doi.org/10.1557/mrc.2017.75 Published online by Cambridge University Press

B, and 2°8i.'5) Another important advantage of the host
diamond is its chemical inertness; thus, fluorescent NV nano-
diamonds is a suitable material for biosensing and bioimaging
applications.!'® NV centers also show potential for investigat-
ing quantum simulators,!" " quantum spin liquids,!'®) nanoscale
spin ice systems,!'”) magnetic skyrmion lattice,**! and exotic
magnetic domain walls.”! Despite the versatile applications
of NV in diamond, near-surface NV centers have many techni-
cal challenges to overcome. For nanosensing application, it is
essential to produce the color centers in close proximity to
the surface to enhance the sensitivity and spatial resolution.
Consequently, the surface terminators can directly interact
with these shallow NV centers. Therefore, to stabilize and opti-
mize the properties of near-surface defect centers, surface func-
tionalization is a crucial step when NV(—) centers are
engineered within a few nanometers from the surface.[*!**!
The NV center is composed of a substitutional nitrogen and
an adjacent carbon vacancy aligned along one out of the four
(111) crystallographic axes of diamond, exhibiting Csy struc-
tural symmetry, as shown in Fig. 1(a). To achieve high sensitiv-
ity and spatial resolution, the NV center has to be as close as
possible to the surface, and the surface termination will signifi-
cantly affect the electronic and optical properties of near-
surface NVs. Advanced technologies, e.g., low-energy ion
implantation¥ and nitrogen delta-doping,**! have already
made possible to engineer NV centers <1 nm in depth from
the surface in a controlled fashion, and luminescent nanodia-
monds in ultrasmall size of ~5 nm®! could be fabricated as
well where NV centers are naturally located very close to the
nanodiamond surface. Experimental observations indicated
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Figure 1. (a) The structure of NV center in diamond. The vacant site is denoted as “vac” and four dangling bonds are plotted as yellow lobes. (b) A HSE06
calculated energy levels of the NV(—) defect in a 512-atom diamond bulk. One filled a; state is below VBM, which is not shown in the figure. Valence and
conduction bands of the diamond host are shown as green and yellow shaded regions, respectively. The red and white arrows represent the filled and empty
states of NV center, respectively. (c) A schematic illustration of shallow NV, ~1 nm below surface, in diamond. The surface terminator is symbolized by purple
rectangular. The orientations of NV in (100) and (111) diamond surfaces are shown in the bottom panels.

that the negatively charged state of these near-surface NV cen-
ters could easily convert to neutral NV.%! To keep high quality
of a near-surface NV(—) optical defect in sensing applications,
there are several criteria that candidate surface should meet:

(1) A positive electron affinity (PEA). The electron affinity in
solid is normally defined as the energy gains obtained by
moving an electron from the vacuum level outside the sur-
face to the conduction band minimum (CBM) of the solid.
A negative electron affinity (NEA) leads to upward band
bending on the surface,?”?® je., the hole accumulation
surface layer, which can shift the surface Fermi level. As
a consequence, except for heavy n-type doping, the
Fermi-level will shift below the acceptor level of the NV
(=) center that the electron of near-surface NV(—) will
be emitted spontaneously from a NEA surface, and NV
(0) will dominantly appear.”*”’

(2) Minimize surface state intrusion. Because the NV centers
are close the surface, the unoccupied surface states of sur-
face terminators can directly mix with the empty defect
states of NV(—), rendering the fluorescent state of NV(—)
unstable. So, even single-photon absorption may lead to
temporary intermittency in fluorescence, which manifests
itself as bleaching or blinking, i.e., blinking in nanodia-
monds of 5 nm in diameter,*>! due to the excited electron
may be trapped by the surface terminators.

(3) No surface electron spins introduced by unintentional
defects or impurities. Several experimental results demon-
strate that the spin coherence times are significantly shorter
than those in bulk as the NV depth decreases,***°>% caus-
ing the undesirably destructive process known as decoher-
ence suggesting that diamond surface is plagued with
ubiquitous defects, which give rise to magnetic and electric
field noise. However, the details of these noises are still
unclear. The origin of these ubiquitous surface magnetic
noises are possibly originated from molecular adsorbate
(e.g., paramagnetic oxygen)>*! or surface dangling bonds
induced by the disordered arrangement of the surface.**
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It implies that an atomically flat surface without surface
defect or impurity is essential to avoid the appearance of
surface magnetic noises.

One another important condition for some NV sensing
applications is the orientation of NV centers that we can
add as an additional requirement.

(4) Good alignment. The alignment homogeneity of the NVs is
a critical issue when multiple NV centers are used in the
sensing protocol because the spin sublevels vary depending
on the angle between the symmetry axis of NV and the
external field.> In a diamond bulk crystal, each carbon
atom bonds with four neighboring carbon atoms in a tetra-
hedral arrangement. For (100)-oriented diamond surface,
each carbon atom has two upward bonds and two down-
ward bonds, thus NV centers can be arranged in two of
four possible orientations. By contrast, carbon atom in
(111) surface has either one bond upward with three
bonds downward or three bonds upward with one bond
downward. The NV center with the NV Cs-axis lying per-
pendicular to the surface would be optimal to achieve
enhanced photon collection efficiency. The type of selec-
tive alignment can be realized by chemical vapor deposi-
tion (CVD) growth, where the alignment selectivity
approaches 50% for (100) and (110),°%7 73% for
(113),B7 and 99% for (111)P%3% surface. It shows that
the unique orientation with NV axis parallel to the (111)
direction could be obtained on (111) surface [see, Fig. 1
(c)] where the photon collection efficiency is maximum.
The (113) diamond surface is a potentially useful facet,
which exhibits particularly high growth rate, relatively
high-quality smooth film, and degree of preferential orien-
tation for N'Vs.

To obtain stable fluorescence and desirable spin properties of a
NV center in the vicinity of the surface, the first three criteria
mentioned above should meet with diamond surface technol-

ogy for NV diamond sensors. However, proper
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functionalization of diamond surface is far from trivial. Beside
the technical difficulties of plasma and wet chemistries of dia-
mond surfaces that can be used to control the surface termina-
tors, the desired surface termination is not exactly known.
First-principles calculations can identify the target terminators
of diamond, thus ab initio simulations are essential in the devel-
opment of NV diamond sensors. The defect-induced gap levels,
vacuum state, and surface-induced states, can be determined in
calculations,***'! which is a major component of criteria 1 and
2. However, in the case of criterion 3, it is not a trivial work to
unambiguously unravel the nature of the ubiquitous surface
magnetic noise. The suitable annealing processes and acid
clean treatment are capable of creating a well-ordered and
smooth surface to suppress or even eliminate the ubiquitous
surface spins.'*! The double electron—electron resonance mea-
surements suggest that the ambiguous surface spins are likely
unsaturated bond beneath the very top surface, thus they expe-
rience strong hyperfine coupling with surface protons.[** These
magnetic noises are absent from the surface after the diamond is
annealed at 465 °C in an O, atmosphere, and their positions can
be changed and re-build when exposed back to acid treat-
ment.****! Oxidation of diamond surface can stabilize the
charge state of NV(—), but these experiments suggest that
aggressive oxidation of diamond surfaces leads to the formation
of surface spin defects too. It can be suspected that the rough
diamond surfaces created by acid treatments should be avoided.
Alternative termination of diamond surfaces should be found
where criteria 1 and 2 can be calculated directly from first prin-
ciples and we restrict our study to atomically smooth surfaces
that would automatically satisfy criterion 3.

In this review paper, we discuss the surface termination
effects for near-surface NV center in diamond that have been
determined by ab initio simulations. First, we explain the
method how to calculate the energy levels of near-surface
charged NV center within supercell formalism, followed by
the results and analysis of near-surface NV(—) center in
(100) and (111) diamond surfaces with different terminators,
including hydrogen (H), oxygen (O), hydroxyl (OH), H/O/
OH mixture, fluorine (F), nitrogen (N), and nitrogen—hydrogen
(N/H) mixture. The different density functional theory (DFT)
methods and methods beyond DFT approximations are not dis-
cussed here. We rather focus on practical solutions that can be
applied at the present computer resources. Particularly, the
plane wave supercell DFT methodology will be presented
here as a workhorse tool in the study of near-surface NV
diamond.

Computational details

First-principles calculations based on DFT were performed
using the plane-wave-based Vienna Ab Initio Simulation pack-
age (VASP).1**] The interactions between the ions and valence
electrons were treated by the PAW (projector augmented-
wave) ! method. For the exchange-correlation functionals,
we used gradient-corrected  Perdew—Burke—Erzerhof
(PBE)*" functional. Constant volume relaxations using a cut-

https://doi.org/10.1557/mrc.2017.75 Published online by Cambridge University Press

off energy of 370(740) eV in the plane-wave expansion for the
wave function (charge density) resulted in an equilibrium lattice
parameter of 3.570 A. Increasing the cut-off energy to 420(840)
eV has changed the lattice constant by only 0.003 A.
Therefore, considering the demands of the supercell calcula-
tions, the lower cut-off energy was selected. The calculated
PBE band gap of 4.2 eV is apparently smaller than experimen-
tal value of 5.4 eV. Thus, we applied a screened hybrid func-
tional HSE06*® of Heyd, Ernzerhof, and Scuseria with
default parameters in VASP. HSEO06 calculation in diamond
happens to be nearly free of the electron self-interaction errors,
providing defect-levels and defect-related electronic transitions
within ~0.1 eV to experiment.***°! It also provides accurate
band gap, defect energy levels and surface bands. The
HSEO06 band gap for bulk diamond at PBE lattice parameters
is 5.34 eV, which is in great agreement with experiment
value of 5.4 eV. As the HSE06 is extremely demanding, we cal-
culated the HSEO6 electronic structure at the PBE-optimized
coordinates. We calculated charged NV defects in an extremely
large diamond bulk, 8 x 8 x 8 cubic supercells consisting of
4096 carbon atoms, as a reference of the electronic structure
for the comparisons of near-surface NV in diamond. We
applied the T'-point to map the Brillouin-zone, which is suffi-
cient for such a large supercell. Defects in the supercell were
allowed to relax in constant volume till the forces were below
0.01 eV/A.

For convergence calculations, we used the optimized lattice
constants in bulk to build-up the (100) slab models. The period-
icity of surface primitive cell were chosen to be [\/ 2 x \/2]
R45°. There are 22 carbon layers in the slab model, and surface
dangling bonds are saturated by OH ligands. The total thick-
ness of slab model is 2.2 nm. We applied vacuum more than
10 A along the z-direction in order to avoid direct interaction
between the periodic images of the bottom and the top surfaces.
This [\/2 X \/2]R45° slab models were optimized using 8 x
8 x 1 Monkhorst—Pack®"! 4-points where the position of the
carbons in the middle double layer of the slab were fixed in
this procedure. The atoms were allowed to relax until the forces
were below 0.01 eV/A. After obtaining the optimized unit cells,
we constructed a (2 x 2) supercell from this [\/2 X \/2]R45O
primitive slab model, there are totally 352 carbons and the
surface lattice constant is 10.097 A. This square surface
construction eliminates the need for any dipole correction.
Here we applied 2 x 2 x 1 T'-centered k-point mesh. The same
calculation parameters were applied on (100) surface with
different terminations, e.g., H, OH, O, H/O/OH-mixed, F,
mixed substitutional nitrogen and hydrogen termination of
the top diamond layer (briefly, N/CH termination) and
substitional nitrogen termination (N) For (111) diamond sur-
face, we used a [3 \/3 x5 \/2]R30° square-like supercell that
the surface size is 13.11 x 12.6 A% The surface terminators
are H, OH, F, and N. When defects introduced to the slab mod-
els, we allowed the system to fully relax except terminators and
two layers of carbon atoms in both the bottom and top layers
where the position of those atoms were fixed at their defect-free
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slab coordinates. The energy levels and electron affinities were
calculated with a screed hybrid functional HSE06, which is
capable of providing accurate electronic structures. Finally,
we obtained the electron affinity of the system as the energy dif-
ference of the vacuum level and the calculated CBM.

Modeling of near-surface NV centers:
treating of charged diamond slabs

The electronic structure of negatively charged NV center in dia-
mond has been already studied in details;!'>>~"! therefore we
only briefly review the main points here. Since carbon dangling
bonds add three electrons and nitrogen atom two non-bonding
electrons, the negatively charged NV defect has altogether six
electrons around the vacancy. From the group theory analysis,
there are two fully symmetric one-electron a; states and one
doubly degenerate e-state build up from combinations of
these four dangling bond states, as depicted in Fig. 1(b). As a
consequence, The >4, ground state of the negatively charged
state of NV is a spin triplet (S=1). The m=0 and m=+1
spin levels of the triplet split by 2.87 GHz!®! caused by the
electron spin—electron spin dipolar interaction in the low Cj,
crystal field of the defect. Since near-surface NV center is neg-
atively charged, therefore, charged supercell models should be
considered.

In ab initio calculations of point defects, finite-size supercell
approaches under periodic boundary conditions are widely
used. Charged systems require careful treatment since the pseu-
dopotential expressions for the total energy are derived in a
charge-neutrality condition.®! The charged supercell is prob-
lematic as the electrostatic energy would be divergent. The con-
ventional method to solve this problem is to impose an artificial
background jellium charge of opposite charge density that
exactly compensates for the net charge in the supercell.l*”)
However, this compensating background will produce another
problem due to the finite-size effect and periodic boundary con-
dition, the charged defect in the supercell suffers a spurious
long-range Coulomb interaction between the periodic charge
images and the artificial background charges. In recent years,
numerous correction schemes have been proposed to overcome
this problem.[**®" They are usually based upon extrapolation
to the limit of infinitely large supercell>°®¢") or directly cor-
recting “a posteriori” the calculated formation energies.[**-¢!:7]
Here we do not attempt to provide a complete overview of these
outstanding works, more detailed discussions and comparisons
of different correction schemes are summarized in Refs. [63,
64, 69, 71].

These charged correction schemes have successfully
worked for materials in bulk phase; however, they might be
insufficient for charged defect study in two-dimensional system
such as thin-film and surface. The compensating uniform back-
ground charge leads to a dipole, which diverges upon increas-
ing the amount of vacuum between the slab images.[’*"*]
Several different methods were proposed to solve this spurious
electrostatic interaction for calculating charged defect in low-
dimensional structure. The artificial electrostatic interaction
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between image charges can be removed by introducing a
Gaussian charge distribution layer inserted in vacuum to com-
pensate for the excess charge and to allow electric-field discon-
tinuities across the layer,.’*) or eliminated by a supercell size
scaling scheme combining with a Gaussian model charge cor-
rection scheme.'’>! An extension of the band-filling correction
method, ®*! which is to correct only the filling-up conduction
band by shifting all energy levels above a certain energy to a
reference energy, can easily and practically be applied to adsor-
bate/surface systems for the calculation of adsorption energies
in the dilute limit.’*) Komsa and Pasquarello!’! describe “a
posteriori” correction scheme for charged defect on surface,
which is reproduced the corrections scheme for bulk defects
given by Freysoldt et al.,[* it is relied on the dielectric constant
profile extracted from the electronic structure calculation.
Recently, virtual crystal approximation (VCA) was applied to
calculate the formation energies of charged surface in the
supercell.”””¥) The VCA approach has been widely used for
dealing with calculations of disorder and alloy in solid.l”*-5"}
The VCA method for the charged system calculation with the
periodic boundary condition has been implemented in the
all-electron FHI-aims code;!®"! the compensating background
is confined to have the same spatial extent as the extra holes
or electrons. Both the nuclear and electronic charge of specific
slab atoms are slightly modified that the excess charge goes to
the valence or conduction band, simulating free charge carriers,
whereas the modified nuclear charge simulates the charged
background. Overall the supercell remains neutral and this fic-
titious charged slab enables the charged surface calculation
exactly in the same manner as for charged bulk defects. The
VCA has the advantages of simplicity and computational effi-
ciency, but the validity of mixed pseudopotentials of virtual
atoms should be examined very carefully. Very recently,
Vinichenko et al.®¥ present an internally consistent approach
for calculating defect formation energies of low-dimensional
systems with complex dielectric profiles. It demonstrates high
computational efficiency and low computational cost.

First, to appreciate the finite-size effect in a charged surface
system, we calculate the energy levels of a single negatively
charged NV defect in OH-termination (100) diamond surface
without applying any finite-size correction upon variation of
the lateral size of supercell, as shown in Fig. 2(a), from 10.1 x
10.1 to 30.3 x 30.3 A%. We have to emphasize that we carried
out PBE-DFT calculations here to check the convergence
behavior, and to understand the electrostatics effects and correc-
tions on this NV—Ns pair. Since the wave functions and the elec-
trostatics are basically the same as in HSE06 and PBE
calculations, thus the conclusions drawn from PBE studies can
be applied to HSE06 results. Previous results’?! indicated that
the formation energies of a charged slab system are found to
diverge linearly with the size of the vacuum region and appear
converged with increasing lateral dimensions. So, here we
fixed the vacuum layer as 1.8 nm, the NV(—) defect is placed
in the middle of slab and the distance between NV(—) defect
and surface is roughly 1 nm. The energy levels are shown with
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Figure 2. (a) The calculated PBE defect levels of a negatively charged NV
center in OH-terminated diamond (100) surface as a function of lateral sizes
from 10.1 to 30.3 A. The schematic figure of the calculation supercell is
shown in the left panel, the white and purple parts are vacuum and diamond
surface, which are fixed in 18 and 21.8 A, respectively. The energy levels of
negatively charged NV in 4096-atom bulk supercell with lattice constant of
28.4 Ais also presented, depicted as NV(—). Particularly, the surface related
bands shifted upward with increasing of supercell size. (b) The calculated
PBE defect levels of NV-Ns pair, NV(—), and Ns(+), in a 4096-atom bulk
supercell as a function of the distance of NV-Ns. The energy levels of Ns, NV,
and diamond carbon states are colored in green, red, and black, respectively.
The red and white arrows represent the filled and empty states of NV center,
respectively. Valence and conduction bands are colored in green and yellow.

respect to the calculated valence band edges. The energy levels
of single NV(—) defect in a huge bulk of 4096 atoms (28.4 x

28.4 x28.4 A* cubic supercell), denoted as NV(—) in Fig. 2,
is served as reference. The electronic structure of the NV(—)
defect in bulk diamond were already discussed in several publi-
cations in detail, which are not refrained here (see Ref. [53] and
references therein). The energy levels obtained in this way corre-
spond to the periodic supercell in which the charge of defect is
compensated by a uniform background. In general, the defect lev-
els gradually converge to the bulk values. One can see that the
surface-related states obviously shift upward with the increasing
of lateral size. In a 10.1 x 10.1 A2 size cell, surface bands intrude
deeply into the band gap at the position between filled and empty
e-states of NV(—). As a consequence, in small size slab the empty
states of NV(—) in the spin-down channel artificially fall into sur-
face band region that can give incorrect results of NV(—) optical
properties. The electronic states were found by direct comparison
of charge density of the wave functions in the slab models and in
the bulk supercells. This clearly demonstrates that “a posteriori”
corrections are not sufficient to handle this situation as the starting
charge and spin densities of the system are qualitatively wrong.
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The above correction methods mostly focus attention on
correcting the charged defect formation energy; however, the
optical properties of most semiconductor materials are critically
affected by defect level positions in the fundamental band gap.
In a previous study of surface effects for near-surface NV
defect in diamond,**! an alternative perspective was presented
to evaluate the defect level positions of the charged surface sys-
tem. The charged states of single defect in slab could be mod-
eled as a target defect in a host slab with an artificial impurity
doping, which can donate electrons or holes to the target defect
to form a charged defect. The electronic configuration of this
additional impurity must be similar with the host atoms and
be located far from the target defect to minimize the doping
induced effects, e.g., dipole—dipole interaction between the tar-
get defect and artificial impurity. The concept of this method
was to some degree similar with the VCA method in the
sense that the supercell was neutralized. The nitrogen atom is
a well-known deep donor in diamond, and the valence elec-
tronic configuration of 2s* 2p° is only one electron more than
carbon of 2s? 2p*. Therefore, the negative charge state of the
NV defect could be mimicked by a NV defect with one addi-
tional electron donated from a substitutional nitrogen atom
(Ns), which is placed by about 0.7 nm far from the NV, at
the same depth from the diamond surface.l*” This construction
could avoid the creation of an artificial dipole interaction across
the slab, whereas the dipole—dipole interaction due to the neg-
atively charged NV and the positively charged Ns within the
same layer was canceled due to the square basal plane with
periodic boundary conditions. A careful assessment of the
defect level positions that is of high importance when interac-
tion between the defect state and surface state was investi-
gated.*®! Overall, in this NV-Ns pair model, the diamond
slab remains neutral, thus the occupation of the defect states
and the energy of the surface-related bands are qualitatively
correct even in relatively small slab models.

To verify the validity of this method, the NV—Ns pair model
was introduced to a system of single NV defect in a 4096-atoms
bulk. The defect level shifts were identified as the function of
distance between NV(—) and Ns(+) defects. The results are
shown in Fig. 2(b). Two effects were visible in this NV-Ns
pair model. A minor effect was the energy splitting of the
empty e defect level: this splitting appeared 0.11 eV when
the defects are very close as 3.6 A and gradually vanished
until distance of 20.1 A. The splitting at distance of 7.1 A
was tiny as 36 meV, which means the NV(—) of NV-Ns pair
could be considered as an almost isolated defect. However,
the major effect was the downward shift of the NV(—) defect
levels and upward shift of the Ns(+) defect levels as the defects
were placed closer and closer with respect to the bulk counterpart.
This was because the electrostatics interaction between the char-
ges of the defects. This causes about 0.1 eV universal downward
shift for the NV(—) at a distance of 7.1 A with respect to those at
distance of 20.1 A. Therefore, it was concluded that the NV-Ns
pair model could provide quantitative and reasonable results
with taking the electrostatic interaction into account.
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Other interactions in the slab calculations must be consid-
ered.”*”) As the thickness of the slab model was restricted to
2.2 nm, quantum confinement may occur. The calculated
HSEO06 band gap of this slab model (without NV) is about
5.48 eV, which is 0.14 eV larger than that of bulk. The
minutely enlarged band gaps were attributed to the quantum
confinement effect in a 2.2 nm-thick slab model. This artificial
quantum confinement effect increased the position of the e and
a; defect levels in the spin minority channel by about 0.07 eV;
thus, it was not so effective on the defect states and can still pro-
vide quantitatively fair results. Besides, top surface might mod-
ify the defect levels of interest, but the bottom surface can result
in an extra mirror charge for the defect states and an extra dipole
interaction that can both shift the position of the defect levels in
the gap. These interactions would be absent when the bottom
surface is infinitely far from the defect.*” To evaluate the
effects from bottom surface, the defect levels of single NV in
OH-terminated diamond surface were calculated where the
thickness of the slab was varied but fixed the position of NV
at 1 nm below the top surface. It was found that the presence
of the close bottom surface at distance of 1 nm uniformly shifts
up the defect levels by about 0.3 eV, which was visible for both
NV(0) and NV(—) defect bands.

The NV—-Ns pair model in OH-terminated diamond surface
was then studied.l*”) The PBE-calculated band structure result
is shown in Fig. 3. Because of the limited size (10.1 x 10.1
A?) of the (100) slab model restricted by the HSE06 method,
the defects were relatively close to each other (~7 A). It was
found that the interaction between NV and Ns does not lead
to any considerable change in the geometry of the defect com-
pared to the isolated NV ™' in a 4096-atom bulk supercell. It
was also found the interaction between the periodic images
of NV itself cause ~0.3 eV dispersion in the slab model. This
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Figure 3. The PBE band structure of NV(—) and Ns(+) pair in OH-terminated
diamond (100) surface. The energy levels of NV(—) in 4096-atom bulk
supercell, depicted as NV(—), is served as reference. For the sake of the
clarity the majority spin-up and minority spin-down states are depicted by
bold and dashed lines, respectively. The blue regions show the band
dispersion and serve as a guide the eye to compare the alignment of slab
band structure and the bulk energy levels. Valence and conduction bands are
colored in green and yellow.
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size-induced band dispersion of the NV defect levels in dia-
mond slab model was discussed in Ref. [83]. It was found
that the average value of the dispersive defect band gives the
defect level of the isolated defect. It is worthwhile to mention
that this self-interaction induced by periodic images of NV
(—) itself can shift downward the NV(—) levels in the band
gap. An electrostatic correction proposed by Lany and
Zunger®¥ was tested on single NV(—) in a 512-atom diamond
cubic supercell (14.28 x 14.28 A%) and it was found that an
upward shift of 0.41 eV is needed.

In summary, four different interactions affect the position of
isolated defect levels in the slab model: (i) quantum confine-
ment had a minor effect (<0.1 eV) in this slab model that can
be neglected; (ii) the NV—Ns interaction shifted the defect lev-
els downward by ~0.1eV; (iii) the applied supercell size
caused a downward shift of the defect levels by ~0.4 eV; and
(iv) the presence of the bottom surface in the model resulted
in ~0.3 eV upward shift in the applied slab model. This finally
gave ~0.2 eV downward shift, which is an artifact of the
applied NV-Ns model and the size of slab. Therefore, a +0.2
eV correction was applied to the calculated defect levels in
the gap, in order to estimate their position at the surface. It
was found that the position of the appropriate defect levels
are all aligned within 0.1 eV to the valence band edges, inde-
pendent from the surface termination, and they agree with the
position of the defect levels in bulk diamond. A further note
was that the empty e level in the spin minority channel lies at
~4.9 eV with respect to the valence band edge, and may inter-
act with the surface related empty states, that may minutely shift
and split the double degenerate e levels.

In the next section, we discuss the results of NV(—) defect
levels in diamond (100) and (111) surface with different termi-
nations by using this NV-Ns pair model.

Effect of different terminators of
diamond (100) and (111) surface
Near-surface NV center can be achieved by ion implantation
techniques in a CVD diamond, and the (100) and (111) facets
are the most present CVD diamond surface. Theoretical stud-
iest®3#5781 of diamond (100) and (111) surfaces have showed
that surface functionalization significantly modify the electron
properties of diamond. In this review, we only focus on the
surface functionalization effects on NV sensing applications.
In the following, we discuss the electron affinity and surface-
related state positions of the systems that ultrashallow NV in
diamond (100) and (111) surface with different terminators,
including H, O, OH, mixed H/O/OH, F, N, and N/CH mixture.
The structures and corresponding electron affinities are shown
in Fig. 4, and their NV(—) defect levels in the band gap are
shown in Fig. 5.

Hydrogenation and oxygenation are conventional treat-
ments for diamond surface termination. These treatments
cause different effects for near-surface NV center. Previous
experiments!?®! have shown that the H-terminated (100) surface
leads to NEA of —1.9 eV accompanied by upward band


https://doi.org/10.1557/mrc.2017.75

Prospective Article

L

’5:‘;’.
0@C(100)
EA=+2.4

ﬁ%§
@%@

OH@C(100)
EA=—0.6

00000
ZmO IO

§§ %%

H@C(100)
EA=-1.7

€ £

H@C(111)
EA=-1.6

OH@C(111)
EA=+0.2

PP P P ﬁ‘ﬁﬁﬁ 3333

P e e e et ceeas
B4 Pk O

%‘%‘ I g4

3 ﬁ@%

N/CH@C(100)
EA=+0.3

ﬁﬁﬁ $5.4 5.4

mix@C(100)
EA=+(0.5

P

gg%%§§ﬁﬁﬁé

F@C(100)
EA=+3.0

N@C(111)
EA=+3.2

LS LB S

$ s

N(‘ C( 100)
EA=+3.5

F@C(111)
EA=+3.6

Figure 4. The structures of (100) and (111) diamond surfaces with different terminations, e.g., H, OH, O, H/O/OH mix, F, N, and N/CH mixed. The corresponding

electron affinities (denoted as EA, unit in eV) are also presented.

bending in the presence of water. H-terminators introduce deep
surface-related states below CBM, Ecgy — 1.9 €V for (100)
and even deeper as Ecgy — 2.3 eV for (111), that will lead to
blinking or permanent bleaching.”> The theoretical
results**!! showed a NEA of —1.7 and —1.6 eV for (100)
and (111) surface, respectively, which are in good agreement
with experiment values. In H-terminated surface, deep sub-
band gap hydrogen-related states appear. These surface hydro-
gen states are image states,'*” which are delocalized along the
surface and show strong dispersion. The appearance of these
image states was already reported in a highly convergent
DFT calculation,® nevertheless, their nature was not fully dis-
cussed there. For zero-dimension objects, such as molecules or
nanoclusters, the image states are the well-known
Rydberg-states in quantum chemistry. The concept of
Rydberg-states or Rydberg excitations were introduced by
Mulliken:” the lowest-energy unoccupied molecule orbitals
are often originated from the antibonding combination of the
covalent bonds, however, if the bonding—antibonding energy
splitting is large, the high-quantum-number atomic-like state
can appear as the lowest-energy unoccupied state of the mole-
cule. Therefore, this can particularly happen in small molecules
consisting of hydrogen atoms. In fact, these Rydberg-states
appear in hydrogenated diamond-cage molecules, diamond-
0ids.”" The C-C sp® bond in diamond is very strong, thus
the energy of the antibonding combination appears at relatively
high energy. When the surface carbon atoms are terminated by
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hydrogen atoms, the strong C—H covalent bonds create atomic-
like, low-energy unoccupied states in small diamond cages.
Diamond surface with relatively large band gap can also exhibit
such phenomena as was first hinted in the fundamental study by
Shockley,'”™ and a comprehensive study of this surface-bound
state”! was discussed recently. Indeed, this occurs for
H-terminated surface. Because these image states are very delo-
calized, and the maximum finding probability is outside the
surface, thus plane wave basis is needed to calculate their ener-
gies correctly. These states play an important role in the elec-
tron emission process. If the excited electron scatters to these
image states, then it most likely will be emitted to the environ-
ment. The unoccupied defect level of NV(—), which is respon-
sible for the spin-conserving absorption and luminescence, can
easily mix with these surface image states. Because of the direct
mixing of the NV defect state and the image states, any excita-
tion of NV(—) will lead to a temporary or permanent loss of the
excited electron resulting fluorescence intermittency (blinking).
Therefore, a pure H-terminated surface is not suitable for
NV-based sensing applications.

Usually, oxygenation treatments are used to prevent charge
transfer at the surfacel® and lead to large PEA. Theoretical
study®” indicated that monolayer coverage of oxygen as in a
C—O-C ether-type bonding configuration, shows a conven-
tional PEA of +2.4 eV. However, an atomically smooth surface
with full coverage of this ether-type O-termination is not possi-
ble. Oxygenated (100) surfaces are always rough due to the
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high degree of anisotropy in oxygen etching.”> On (111) dia-
mond surface, there is only one dangling bond on each surface
carbon atoms, thus oxygen atom adsorption on (111) would
show a high reactivity'®" and a significant reconstruction sur-
face.l”®! Such a poor quality surface can contain various surface
defects, e.g. sp” carbon or dangling bonds, and then give rise to
surface magnetic noises, which significantly shorten spin
coherence times.'*?! Moreover, surface oxygen states are intro-
duced into band gap in the regions 1.0 eV above valence band
maximum (VBM) and 1.4 eV below CBM, which are detri-
mental for NV sensor applications. Oxidation of
H-terminated diamond surface may generate hydroxyl groups
on the surface resulting in OH-terminated diamond surface.
OH-termination have been experimentally observed at the oxi-
dized (100) and (111) single-crystalline diamond surface.”””-%%]
The OH-termination gives rise to a slight NEA of —0.6 eV for
(100) and slight PEA of +0.2 eV for (111) diamond surfaces.
Similarly, atomic-like image states also appear on OH-termi-
nated (100) surface at higher energies (~1.2 e¢V) than those at
H-termination. Apparently, the C—OH unit at the surface pro-
duces high-energy atomic-like empty state than the C—H unit.
A partially oxidized model surface was proposed,*”! allowing
for alternating termination with H and OH groups as well as
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either-like C—O—C bridges [see mix@C(100) in Fig. 4]. This
mixed termination surface shows slight PEA of +0.5 eV. The
zigzag arrangement minimize the steric repulsion acting on
the 2p states of the oxygen atoms and the ether-like bridge
can take on a natural geometry, make surface still smooth atom-
ically. As a consequence the bands of oxygen lone pairs are sig-
nificantly reduced, only minor filled surface states appear at
~0.15 eV above valence band and no acceptor-like state appear
near the conduction band. Since this mixed-type surface has
PEA and no sub-band gap states interfere with NV(—) center,
such combination of surface terminators from oxygen and
hydrogen on (100) diamond surface is ideal for NV-based
nanosensing. This mixed termination surface is not the conse-
quence of the ordered surface. The H/O ration of this mixed ter-
mination should be about 1.0+0.2."" Such surface can
probably be created by gentle thermal oxidation of a hydroge-
nated surface or by oxidation with proper acid treatment.

Fluorination of diamond surface®®'°"! provide another
opportunities for diamond chemical functionalization. Surface
fluorination can be realized by exposing the surface to CF4 or
SF¢ plasma treatment,!'°”! but it might etch diamond surface
and form a polymer-like fluorocarbon layer 2—5 nm on the
top layer increasing the roughness. As XeF, precursor for fluo-
rination of diamond surface,!'°! it avoids the formation of thick
fluorocarbon layer above the surface and form an atomically
smooth surface. A mild benchtop approach to nanodiamond
fluorination has been developed recently, which can avoid fluo-
rine etching and stabilize NV(—) centers in a mixed C—F and
C-OH terminated nanodiamond. The fully fluorinated diamond
surface provides large PEA of +3.0 eV for (100) and +3.6 eV
for (111) surface, which has been confirmed in theory and
experiment.'°"'%%! This F-terminated (100) diamond surface
has no Rydberg-like image states in the band gap; however,
few surface-related localized acceptor states do appear just
below the conduction band edge.*”! The previous study of
ultrasmall nanodiamonds!'®* has explained the nature of
these F-related localized states in detail. In a typical measure-
ment conditions of the confocal microscope, applied for
NV-based sensing, the NV(—) center is excited with a high
density of photons, which leads to two-photon absorption via
its real excited state, so the electron will be promoted into the
conduction band with rather high probability.!'®*! Therefore,
despite of its high PEA, these shallow surface-related empty
states can still be detrimental for near-surface NV that the pho-
toexcited electron will be trapped at the surface after two-
photon absorption and lead to temporary bleaching or blinking
of the NV photoluminescence signal.[**! Interestingly, these shal-
low fluoride surface-related states do not appear in the bandgap of
F-terminated (111) diamond surface, only few occupied F-related
states appear at 0.3 eV above CBM indicate that an atomically flat
F-terminated (111) diamond surface is likely to be a good candi-
date for near-surface NV sensing applications.

So far, most of the attempts to functionalize the surface of
diamond have involved terminating species of H, O, or
F. While other terminated diamond surfaces have been reported
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in the literature: chlorinated surface!'°*! shows an uncontrolled

and disorder manner, Mg-oxide-terminated surface!'®® pos-
sesses extremely a high NEA of —2.0 eV, Si-terminated sur-
facet' 1% shows a two-domain (3 x 1) reconstruction with a
NEA of —0.86eV. As a result, these surface terminations
might not suffice for near-surface NV in nanosensing applica-
tions. All these surface functionalization schemes mentioned
above are based on single species adsorption with saturating
with carbon dangling bonds on diamond surface. Another alter-
native termination scheme is based on singly substitutional
nitrogen via plasma chemistry treatment. It has been recently
demonstrated that high-quality N-terminated diamond (100)
surface can be realized by using an indirect radio frequency
N, plasma process that sufficiently minimize surface damage
from plasma.l'®~""! In particular, the predominant component
is substitutional nitrogen or in the form of mixed N/CH at the
surface, depending on the type of substrate where the fraction
of nitrogen termination reaches at least 0.5 ML.I') The
resulted 2 x 1 reconstruction pattern apparently indicated that
the nitrogenated diamond (100) surface truly is atomically
flat. Previous calculation results*'! indicate that half and full
coverage nitrogenated (100) diamond surfaces show PEAs of
+0.3 and +3.5 eV, respectively. Similar to F-terminated (100)
surface, both half and full coverage N-terminated (100)
diamond surfaces introduce shallow N-related empty surface
states. The experimentally successful achieving of N-terminated
(100) surface implies the possibility of realization of
N-terminated (111) surface by applying the same or similar con-
ditions in the nitridation process.[*'! the N-terminated (111) dia-
mond surface yields large PEA of +3.2 Ev, which are
comparable with those of F-terminated surface, and few occupied
surface nitrogen states appear below Eygy + 1.0 €V. In the previ-
ous works,*" nitrogenated (111) diamond surface exhibits at
least 0.3 eV/atom lower formation enthalpy than nitrogenated
(100) surface, and this occurs independent of the N coverage.
This is because the favorable bonding configuration of substitu-
tional nitrogen atoms on the top layer of (111) diamond, as
they can form a perfect pyramid with its three immediate neigh-
boring carbon atoms situated in the second layer without any
measurable distortion of the diamond lattice. In the case of
(100) surface, the substitutional surface nitrogen atoms also
forms three N—C bonds, but the surface reconstruction stiffens
somewhat there these bonds compared with those of (111) sur-
face. It was also revealed that the N-terminated (111) surface
can provide an array of nuclear spins that can be probed by the
NV(—) electron spins.*"! This type of surface array combining
with shallow NV centers can be used as a quantum simulator.
Such surface termination can open up a new route for
NV-based nanosensing and quantum simulations operating at
room temperature.

Conclusions

In this review paper, we provides a selective overview of issues
on surface termination effects of near-surface NV center in
(100) and (111) diamond surfaces. We present a list of criteria
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that surface termination should meet for nanosensing applica-
tion, including positive electron affinity that can stabilize the
charged state of NV, the exclusion of unoccupied surface
state in the band gap, which may trap the electron and lead to
intermittency in fluorescence, an atomically smooth surface
in order to avoid the contaminants of magnetic noise, which
cause decoherence of the electron spin of NV sensor. To over-
come the spurious long-range interaction problem of a low
dimension charged system calculation in periodic boundary
condition, a NV-Ns model™®! was introduced to simulate a
negatively charged single NV in diamond and demonstrated
its applicability to energy level calculations. This approach
keeps the whole system neutral; therefore the problem with
the background jellium charge is avoided. Careful assessment
of the near-surface NV(—) energy levels, determine the effects
of the NV—Ns model and the size of the slab on the position of
the defect levels in the gap. This NV-Ns model suffices to cat-
egorize the different surface terminations form the aspect of the
photo-stability and charge state control of NV center near the
surface.

Further, this NV-Ns model approach is then used to calcu-
late the energy levels of shallow NV(—) in (100) and (111) dia-
mond surfaces with terminators of H, O, OH, H/O/OH mixed,
F, N/CH mixed, and N. Hydrogenated diamond is a robust elec-
tron emitter due to its high NEA; however, this NEA property
deteriorates the charge state stability of NV center,?*! thus it is
not suitable for NV sensing application. Oxygenation treatment
on diamond surface via typical wet-chemical etching processes
is frequently applied to turn the hydrogenated NEA surface to
PEA surface; however, the surface becomes rough and disor-
dered leaving a variety of uncontrolled surface-related defects
with spins, which is undesirable and cause decoherence of
the NV electron spin that undermine the sensitivity of the NV
diamond sensor. A mixed hydrogen—oxygen surface was iden-
tified that may solve the problem of oxygenated diamond sur-
face. Fluorination surface shows a large PEA and only few
unoccupied surface-related states appear in the band gap, there-
fore exquisitely control the fluorination process can potentially
represent a pathway to stabilize nanodiamond probes and dia-
mond surfaces relevant for bio-imaging and quantum sensing.
Functionalization diamond surface by nitridation treatment
can open many opportunities in near-surface NV sensing appli-
cations. The N-terminated (111) surface is an ideal choice for
NV-based quantum sensing and simulations as it has a high
PEA, atomically smooth morphology, and it is diamagnetic
surface.
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