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ABSTRACT

The engineering of defects in diamond, particularly nitrogen-vacancy (NV) centers, is important for many applications in quantum science.
A materials science approach based on chemical vapor deposition (CVD) growth of diamond and in situ nitrogen doping is a promising
path toward tuning and optimizing the desired properties of the embedded defects. Herein, with the coherence of the embedded defects in
mind, we explore the effects of substrate miscut on the diamond growth rate, nitrogen density, and hillock defect density, and we report an
optimal angle range for the purposes of engineering coherent ensembles of NV centers in diamond according to our growth parameters. We
provide a model that quantitatively describes hillock nucleation in the step-flow regime of CVD growth, shedding insight on the physics of
hillock formation. We also report significantly enhanced incorporation of nitrogen at hillock defects, opening the possibility for templating
hillock-defect-localized NV center ensembles for quantum applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029715

Point defects in the solid state are a promising platform for quan-
tum science and technology.1–3 Diamond is a particularly attractive
host material because of its high Debye temperature, wide bandgap,
and deep level defects, allowing for the investigation of its defect qubits
up to and above room temperature.4 Engineering the local environ-
ment of the qubits, both the bulk material and proximal surface, is cru-
cial to their performance, affecting quantum coherence,5–7 charge
state,8 and indistinguishability of qubits.9,10 Furthermore, controlling
the defect density and distribution while maintaining material quality
is important; for example, dense and homogeneous defect layers are
required for spin ensemble-based sensing and studies of quantum
many-body spin dynamics, while coherent, near-surface defects allow
for high spatial resolution imaging and coupling to other quantum ele-
ments such as phonons and photons. Surface quality and morphology
are also important in maintaining high quality factors of the diamond
photonic and phononic cavities utilized in spin-phonon11 and spin-
photon coupling schemes.12–15

Nitrogen-vacancy (NV) centers in diamond are presently the
most widely studied diamond qubit, featuring a broad range of

applications in quantum sensing, networks, and computing. Natural
occurrence and ion implantation are two common ways to realize NV
centers; however, in recent years, the in situ doping of nitrogen during
plasma-enhanced chemical vapor deposition (CVD) diamond growth
has become a key technique in the field.16–18 Homoepitaxial CVD
growth produces a high-quality crystalline lattice with high isotopic
and chemical purity, thus creating a low magnetic noise environment
for preserving qubit coherence. Furthermore, the gentle, bottom-up
incorporation of nitrogen into this matrix via in situ doping provides a
means for both controlling the depth localization to the nanometer
scale17 and reliably producing homogeneous, coherent NV ensem-
bles.19 The technique of CVD growth is well understood,20 and
previous works have explored dopant incorporation into diamond
films,21–25 but few studies consider defect density and localization with
the requirements of quantum applications in mind.

Herein, we explore the CVD growth of nitrogen-doped (100)
diamond films as it uniquely relates to quantum applications involving
quantum defects. Working in the slow (<10nm/h) growth rate
regime, we systematically investigate and quantify the growth rate,
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defect properties (density, coherence, and spatial distribution), and
surface quality as a function of substrate miscut. We provide a model
that quantitatively describes hillock nucleation in the step-flow regime
of CVD growth, shedding insight on the physics of hillock formation.
Altogether, we report an optimal miscut angle range between
0:7� / h/ 1:2� for the purposes of engineering coherent ensembles of
NV centers in diamond for quantum applications.

Substrate miscut plays an important role in diamond CVD
growth, as the dominant growth mechanism is thought to occur via
carbon adatom incorporation at step-edge sites,20,26 as illustrated in
the schematic of Fig. 1(a), and the miscut determines the density of
step-edges on the surface. Furthermore, the formation of certain
defects, particularly the laterally extended, flat types of growth called
hillocks, occurs via a step-edge dependent mechanism.27,28 These
defects can both serve as a probe of the growthmode and an intriguing
means of locally controlling defect density.

To systematically explore the influence of miscut, we utilize a sin-
gle sample with five regions, each polished to a different miscut angle
(RMS roughness<200 pm).29 By using a single sample, we avoid sam-
ple to sample variations in substrate and sample preparation. An opti-
cal image of this sample is shown in Fig. 1(b). The miscut angle was
varied discretely in 0:5� steps across the sample, forming five different
regions with miscut ranging from an absolute value of
jhj ¼ 0:16�–1:66�. The incremental difference between regions was
confirmed with atomic force microscopy [Fig. 1(c)] and the miscuts
were verified by x-ray diffraction (XRD), using glancing incidence
reflectivity measurements to align the beam relative to the surface nor-
mal and subsequently performing a rocking curve measurement about
the (004) peak.

Homoepitaxial CVD diamond growth on the multi-angle-pol-
ished substrate proceeded in the process optimized in Ref. 17 using a
SEKI AX6300 plasma enhanced chemical vapor deposition tool.
Specifically, the growth consisted of a 3-h undoped diamond buffer
layer using 0.1 sccm of 99.999% 12C enriched isotopically purified
methane and 400 sccm of H2 at 800 �C, chamber pressure of 25Torr,
and microwave power of 750W. The buffer layer was followed by a
6-h nitrogen-doped growth using 5 sccm of 98% 15N enriched nitro-
gen and 0.1 sccm isotopically purified methane. In the last step, the
sample was capped with a 4-h undoped layer using 0.1 sccm isotopi-
cally purified methane. After growth, the diamond was irradiated with
145 keV electrons (total fluence �1017 e�=cm2) to create vacancies19

and subsequently annealed to form NV centers. Annealing was per-
formed in Ar/H gas at 800 �C for 8 h with a 16-h ramp time.

We first discuss the effect of substrate miscut on the growth rate
of the diamond. Because the growth is performed with isotopically
purified methane, the thickness of the grown layer, d0, can be deter-
mined by measuring the thickness of the 13C-depleted layer via sec-
ondary ion mass spectrometry (SIMS).30 Figure 2(a) shows the 13C
depth profiles in each of the five miscut regions, offset by increasing
factors of 10 for ease of readability. Each plot is averaged over several
�100� 100 lm2 spots within each miscut region. Figure 2(b) shows
the linear increase in d0 with the miscut angle. This linearity suggests
that the growth proceeds by a step-flow mechanism, which depends
on the density of step edges on the surface. In this type of growth, the
growth velocity, vg, is related to the step velocity, vs, and shallowmiscut
angle, h, as vg ¼ vs sin h � vsh. Thus, vs can be obtained from the
slope of Fig. 2(b), yielding vs � 100 pm=s.

Because vs appears constant over the range of miscut angles stud-
ied, it follows that the step velocity is independent of the angle, imply-
ing that the growth is dictated by the number density of available sites
for carbon adatoms. The growth mode is thus a step-limited one,
rather than the adatom-limited regime that is typical in molecular
beam epitaxy (MBE) growth. We also note that for small h, the growth
rate does not go to zero [d0ðh ¼ 0Þ ¼ 28 nm], indicating the domi-
nance of a different growth mechanism in this regime. This non-zero
growth rate for a zero-miscut surface could be explained by disordered
step-flow resulting from entropically stabilized steps or the presence of

FIG. 1. (a) A schematic depiction of diamond growth. The steps shown in the image
are the result of the substrate miscut and are crucially important for diamond
growth. Carbon incorporates preferentially at the step edges and at defects illus-
trated by the green circles. (b) An optical image of the surface of the diamond sub-
strate polished at five different miscuts, with the miscut angle specified on each
slice. (c) An AFM image taken near the transition between two miscut regions
shown in (b).
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another growth mode arising from defects. Finally, we attribute the
dip in the [13C] near d=d0 ¼ 0 to be an artifact of SIMS and the dip at
d=d0 ¼ 1 to be the result of the growth reaching a steady state as the
plasma is ignited. The dip occurring at d=d0 � 0:5 corresponds to the
in situ nitrogen-doped layer and likely suggests that the introduction
of nitrogen changes the plasma, resulting in an altered relative isotope
abundance and growth rate.

The incorporation of nitrogen during growth is also found to
depend strongly on the substrate miscut angle. Figure 2(c) plots the
peak 15N concentration in the in situ-doped layer measured via
SIMS as a function of miscut. The SIMS dopant concentration is mea-
sured using a 12C15N complex and a relative sensitivity factor of
2:5� 1020 atoms=cm3, which is corrected from the value given in
Ref. 31 for the natural bulk carbon matrix. The 15N dopant

concentration is found to be � 0.1–10ppm consistent with the results
of previous work under similar growth and doping parameters.17,19,32

The increase in nitrogen concentration with step-edge density is consis-
tent with the findings of Ref. 33 and suggests that the nitrogen preferen-
tially incorporates into steps. Examination of the SIMS 15N depth
profiles in each region shows the presence of two distinct Gaussian
peaks, with a representative example shown in Fig. 2(d). The first,
smaller peak in the profile is found at the depth expected given the
growth rate for that miscut region and the time of nitrogen introduction
in the doped layer. It is the amplitude of this peak that is plotted in Fig.
2(c). The second, broad peak is attributed to nitrogen incorporation in
non-step-flow related growth features, such as hillocks or unepitaxial
crystallites. Whereas the small peak shows up at a consistent depth and
amplitude across spots within the same miscut slice, the broad, defect-
related peak exhibits substantial variability from spot to spot within the
same miscut slice (over an area of �100� 100lm2). This variability is
consistent with the observed variability of defect density across the sam-
ple. Further evidence for our interpretation of these two peaks is pre-
sented in the supplementary material.

We next extend our investigation of diamond growth through
selective miscut to the formation of defects such as hillocks. Figures
3(a) and 3(b) show optical images of post-growth surfaces of the 0:16�

and 0:66� regions. The dominant feature in both images is the pres-
ence of hillocks: square, flat-topped defects that are tens of nanometers
tall. An atomic force microscopy (AFM) image of a hillock defect in
diamond is shown in Fig. 3(d). A few of the hillocks also feature an
additional unepitaxial crystallite27 in their center, as shown in the
scanning electron microscope (SEM) image in Fig. 3(e). The density of
hillock defects is found to be inversely proportional to miscut, as seen
qualitatively in the images of Figs. 3(a) and 3(b) and plotted quantita-
tively for all five angles in Fig. 3(c). For angles ’1:66�, however, the
growth mode appears to transition into a step-bunching growth
regime, similar to that reported in Refs. 34 and 35 and results in aniso-
tropic defects as seen in Fig. 3(f). In order to preserve the well-behaved
step-flow mode of growth, an optimal miscut angle less than�1:66� is
desirable.

In order to understand the mechanisms of hillock growth, we
present a simple quantitative model of hillock nucleation and stabiliza-
tion. For shallow angles, the miscut will be related to the step dimen-
sions as h ¼ s=L, where s is the step height and L is the step length as
shown in the inset of Fig. 3(c). The hillocks attempt to form at sites
with a density qH0. Once a hillock begins nucleating, it will continue
growing and will stabilize unless an incoming step suppresses it. The
time required for the hillock to reach the point of stability is defined as
TH,

28 and the probability of any given hillock successfully nucleating
will be given by

P ¼ 1� vsTH

L
¼ 1� vsTHh

s
; (1)

and so the hillock density will be given by

qH ¼ qH0 1� vsTHh
s

� �
: (2)

This model also predicts a critical angle, hC ¼ s=vsTh, at which
the number of hillocks goes to zero, a result that is consistent with
other observations of the hillock defect21 and implies that at hC the
step length is not large enough to support a hillock before lateral

FIG. 2. Substrate miscut dependence of diamond growth rate and nitrogen incorpo-
ration in CVD-grown diamond. (a) 13C concentration as a function of depth as mea-
sured via SIMS for the five miscut angles studied. The depleted 13C layer indicates
the grown diamond layer studied here. Profiles are offset by increasing factors of
10 for ease of readability, starting with h ¼ 0:16�. (b) The thickness of the grown
layer, d0, and (c) maximum concentration of the doped [15N] as a function of miscut.
(d) A SIMS depth profile of 15N concentration in the jhj ¼ 0:66� miscut region. The
two peaks correspond to 15N introduced via regular step-flow growth during in situ
doping and 15N present in the hillocks, respectively. The maximum value of the
smaller in situ-doped peak is plotted in (c). The SIMS dopant concentration is
measured using a 12C15N complex and a relative sensitivity factor of
2:5� 1020 atoms=cm3, which is corrected from the value given in Ref. 31 for the
natural bulk carbon matrix. Even though the defect incorporated nitrogen and
d-doped nitrogen are introduced into the diamond at the same time, due to growth
rate differences between the two growth-phases, the two nitrogen sources appear
at different depths in our SIMS measurements.
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growth of a step edge reaches it. Fitting data in Fig. 3(c), which also
includes data for several independently grown, undoped nitrogen sam-
ples, we determine hC ¼ 1:960:2�. Taking vs as determined before to
be�100 pm=s, the time for hillock formation is then given by

TH ¼ s
vshC

� 100ms: (3)

The value of qH0 is found by extracting the y-intercept of the fit in
Fig. 3(c). The extracted value of qH0 differs dramatically for the doped
nitrogen sample [qH0 ¼ 1:5ð0:5Þ � 106 cm�2] and for the indepen-
dently grown, undoped nitrogen samples [qH0 ¼ 4ð1Þ � 104 cm�2].
The undoped nitrogen growths were performed on five independent
substrates with similar growth parameters and epitaxial thicknesses of
80–120nm. Despite the radical difference in nitrogen doping, the simi-
larity in the two curves after normalization by qH0 indicates the broad
applicability of the model. The two orders of magnitude difference
between the hillock densities in doped and undoped samples suggests
that nitrogen adatoms may be providing additional sites for hillock
nucleation. Other doped nitrogen growths with similar doping parame-
ters also exhibit commensurately high hillock densities. The hillock den-
sity of the undoped sample is roughly equal to the density of
dislocations reported by Tokuda28 and suggests that for undoped dia-
mond growth, the primary source for hillock nucleation is preexisting
dislocations, aligning with the findings of Ref. 27.

Interestingly, we find that the concentration of nitrogen is signifi-
cantly enhanced at hillock sites, as shown in the spatially resolved
SIMS and correlated optical images of Fig. 4. The spatial SIMS analysis
is acquired across an �100� 100lm2 area using a 1 nA Csþ ion
beam with a spot size resolution of 2lm, and the images are accumu-
lated over a depth extent of �4 nm. 15N counts within the hillocks are
up to �30 larger compared to the bulk. To confirm that the observed
15N enhancement is not a morphology-induced SIMS artifact, we also
performed spatial analysis of the 12C background and found no fea-
tures in the images. These results further support our conclusion con-
cerning the second, large peak observed in the 15N SIMS depth profile
of Fig. 2(d): 15N incorporates inhomogenenously during CVD growth
and shows preference for the step-edges of the hillock defects.

Finally, we probe the spin properties of the NV centers across the
sample using scanning confocal microscopy and optically detected
electron spin resonance (ESR). Figure 5 shows a confocal image and
corresponding ESR spectra in the h ¼ 0:66� region: single, resolvable
NV centers are observed across the sample and ensembles of NV cen-
ters are seen within hillocks and unepitaxial defects. The significantly
higher NV photoluminescence signal from the defects is consistent
with the expected higher NV density due to increased N incorpora-
tion. The linewidth of the ESR peaks in the 11 hillocks without unepi-
taxial defects measured is C ¼ 2:960:2MHz, with a resolvable 15N
hyperfine splitting. The unepitaxial defects, however, exhibit much

FIG. 3. Optical images of hillocks in the (a) h ¼ 0:16� and (b) h ¼ 0:66� regions on
the multi-angle sample showing increased surface defect density at higher miscuts. (c)
Hillock density (qH) normalized by qH0 (hillock density at h ¼ 0�) as a function of
miscut angle for both nitrogen-doped and undoped diamond. Inset: schematic of the
theoretical model for hillock formation and growth. At angles above ’1:66�, step-
bunching-type growth results in hillock suppression and surface roughening via
enhanced lateral growth, as seen in (f), making quantitative assignment of hillock den-
sity difficult for the h ¼ 1:66� region of the doped diamond sample. (d) AFM and (e)
SEM images of a hillock with and without an unepitaxial crystallite in its center. (f)
Optical image of the h ¼ 1:66� region illustrating high-angle surface roughening.

FIG. 4. Spatially resolved SIMS image (left) (Csþ ion beam, 1 nA; 15 keV; 2 lm
spot size, 6000 M=DM) showing 15N enrichment at hillocks and corresponding opti-
cal image of the targeted hillocks (right).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 194001 (2020); doi: 10.1063/5.0029715 117, 194001-4

Published under license by AIP Publishing

https://scitation.org/journal/apl


larger linewidths and are likely strained or otherwise host an inhomo-
geneous material environment that results in the inhomogeneous
broadening of NV centers. These results suggest that the hillock mor-
phology may not compromise NV quality while offering a path toward
significantly higher NV density; the measured hillock linewidths corre-
spond to a T�

2 � 300 ns, which is consistent with the expected
nitrogen-limited T2�36 for the estimated 10–20 ppm in the hillocks.

The initial miscut of the diamond seed substrate has been shown
to be important for controlling a number of parameters in CVD
growth for applications in quantum science. Namely, the growth rate,
nitrogen density, and hillock density are all shown to depend on the
miscut angle for growth conditions suited for quantum coherent appli-
cations, as reported here. Crucially, the mechanics of diamond growth
change to a predominantly step bunching-dominated regime for
h’ 1:66� and for sufficiently low angles transition to a regime of
hillock-dominated growth. We conclude that an intermediate regime
of optimal miscut exists around �1� that is ideal for any application
utilizing the doping techniques described. Finally, the enhanced incor-
poration of nitrogen at hillock defects is reported and, together with
the narrow NV linewidths measured in the hillocks, invites further
investigation of hillock-templated NV centers for, e.g., ensemble quan-
tum sensing and incorporating many-body interacting spin systems
into quantum applications.37,38 Control over both lattice quality and
nitrogen density is important for defect engineering in diamond, and
miscut provides a powerful means for tuning both parameters.

See the supplementary material for further evidence to support
our interpretation of the two nitrogen peaks present in the SIMS.
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