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ABSTRACT: Nitrogen-vacancy (NV) centers in nanodia-
mond (ND) particles are an attractive material for photonic,
quantum information, and biological sensing technologies due
to their optical propertiesbright single photon emission and
long spin coherence time. To harness these features in practical
devices, it is essential to realize efficient methods to assemble
and pattern NDs at the micro-/nanoscale. In this work, we
report the large scale patterned assembly of NDs on a Au
surface by creating hydrophobic and hydrophilic regions using
self-assembled monolayer (SAM). Hydrophobic regions are
created using a methyl (−CH3) terminated SAM of octadecanethiol molecules. Evaporating a water droplet suspension of NDs
on the SAM patterned surface assembles the NDs in the bare Au, hydrophilic regions. Using this procedure, we successfully
produced a ND structures in the shape of dots, lines, and rectangles. Subsequent photoluminescence imaging of the patterned
NDs confirmed the presence of optically active NV centers. Experimental evidence in conjunction with computational analysis
indicates that the surface wettability of the SAM modified Au surface plays a dominant role in the assembly of NDs as compared
to van der Waals and other substrate−ND interactions.
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1. INTRODUCTION

The miniaturization of electronic and optical circuits to the
nanoscale has established new paradigms for information
processing and sensing. In analogy to the single electron
transistor,1,2 magnetic and optical devices have also been scaled
down and operate with single quantum sensitivity, helping drive
the active research fields of spintronics3 and nanophotonics.4,5

Recently important steps have been made in the design and
fabrication of efficient and bright solid-state single photon
sources.6 Such sources are of particular interest to build
quantum information devices and to realize quantum
cryptography. Nitrogen-vacancy (NV) centers in diamond7

are particularly attractive because of individual addressability,8

optical spin polarization, and millisecond room-temperature
spin coherence.9 These properties have generated intense
interest in the use of NV centers for quantum device
applications in dipolar-coupled quantum registers10 and hybrid
quantum computing architectures11,12 in addition to magne-
tometery, biolabeling, drug delivery, and subdiffraction optical
imaging.13 An outstanding challenge, however, to using NV
centers in complex devices such as an array of quantum bits in

an electronic circuit, NV centers coupled to optical microcavity
resonators, or magnetometers, is their spatial manipulation at
micro-/nanoscale. Many different fabrication techniques for NV
devices in bulk diamond13 and diamond nanocrystals14 have
been reported.
Among the different methods used to produce functional NV

devices, there is the statistical, random assembly approach, self-
assembly (due to interparticle interactions), directed self-
assembly (seed growth and field guided assembly),15and the
directed growth of photonic crystals or quantum dots around
each other.16,17 For NDs in particular, bottom up scanning
probe “pick and place” assembly14has been effectively employed
whereas the generation of a matrix of active NV centers, with
and without lithographic patterning,13 is commonplace in top
down fabrication. Recently top down nanofabrication has been
shown to provide a reliable and high-throughput means to
generate large array of photonic devices.18 However, synthesis
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via nanostructures (NS) offers the potential of fabrication in
less time, at low cost, with high yield, and without the need for
ultrahigh vacuum. Optically active NV centers can be readily
created by exposing diamond nanoparticles/powder/dust to a
high-energy ion beam,19 and this starting material can then be
distributed to multiple users for integration into complex
devices, given the availability of robust patterning techniques.
Though current bottom up approaches based on scanning
probe “pick and place” methods are an option, they typically are
characterized by low yield and slow, serial processing.
Here we report a simple and high yield bottom up approach

to assemble NDs over large areas using a chemically modified
surface. In this process hydrophobic and hydrophilic regions are
created on a Au surface using methyl (−CH3) terminated
octadecanethiol (ODT) SAMs. By letting a droplet of ND in
water suspension evaporate on the SAM patterned surface, we
observe the selective deposition of NDs in the bare Au
(hydrophilic) regions. ODT SAM patterns were used to create
basic geometric structures such as lines, dots and rectangular
regions of NDs on the bare Au surface. The number of NDs in
each bare Au region depends upon the concentration of NDs in
droplet and the size of the region. SAM assisted patterning has
been reported in the literature for a variety of NSs where
columbic interaction,20−23 interaction between the NS and the
substrate (with and without SAM modification), and the
relative energies of the NS in solvent versus on the substrate,24

play an important role in the assembly process. According to
recent reports, controlled solvent evaporation mediated by
topographic features25−27 and by controlled evaporation “coffee
rings”28−30 can be used to assemble NS in some specific
geometries. Moreover, solvent surface wettability effects in
patterned assembly of carbon nanotubes (CNTs) and nano-
particles have been reported31−34 in addition to assembly on
physical templated surface due to capillary forces in fluidic
cell35 and others.36 Much in the spirit of these previous works,
our experiments with patterned ND assembly also indicate that
surface wettability, controlled via the deposition of a SAM
pattern, plays a key role in the assembly process and allows us
to assemble NDs with a high degree of flexibility with respect to
device geometry. Furthermore, our computational model for
ND assembly suggests that solvent evaporation dynamics are
dominant in the assembly process. Thus, this type of bottom up
approach gives a new and simple solution for patterning NDs at
large scale and is compatible with standard semiconductor
fabricationan advantage for producing integrated nano-
photonic devices.

2. EXPERIMENTAL METHODS
Figure 1 is a schematic diagram illustrating the ND assembly and
patterning procedure investigated in this work. First, a thin gold film is
created by depositing Cr/Au (5 nm/20 nm) on a Si/SiO2 substrate
using thermal evaporation system (Figure1A). Next, a micrometer
scale pattern of ODT (Sigma-Aldrich, 2 mM solution in ethanol) SAM
stripes on the Au film is created using microcontact printing (Figure
1B). Square and rectangular SAM patterns (of ODT) were created in
the same way. The thiol (−SH) termination of the ODT (green
circles) binds with the Au surface while the methyl (−CH3) end
(purple circles) remains free, thus rendering the patterned regions
hydrophobic. The methyl-terminated end of the ODT prevents the
NDs from binding due to a reduction in wettability. Commercially
available (International Technology Center) carboxylated NDs
suspended in 0.1 wt % water with an average size of 100 nm were
used in this study. A drop of the NDs suspension was placed on the
SAM patterned surface and allowed to dry. As the solvent evaporates,
it leaves behind NDs in the bare Au regions, as defined by the SAM
pattern (Figure 1C)

Images of the sample were then taken by both an optical
microscope (Olympus-BX60MFS) with an Infinity2 CCD camera
and a scanning electron microscope (FEI Nova Nano SEM).
Photoluminescence (PL) images, at different intensities, were taken
with a Horiba Scientific LabRAM ARAMIS confocal microscope, 532
nm excitation wavelength laser, 100× objectives, and with full spectral
resolution. These 2D images were generated from the intensity of the
spectra from 635−642 nm. The crystalline structure of the NDs was
characterized by Shimadzu XRD Model 6000 using an X-ray source
with Cu−Kα wavelength at λ = 1.54 Å.

For the computational model, we calculated the diffusion barriers
(ΔEdiff,i) for the NDs in water and in different regions such as ODT
(hydrophobic) and bare Au (hydrophilic). We used these diffusion
barriers in our Kinetic Monte Carlo model to further simulate the
alignment phenomenon of the NDs on the bare Au surface patterned
with ODT SAMs.

3. RESULTS AND DISCUSSION
Figure 2A is an optical image of a ND suspended droplet on the
SAM patterned Au surface. The edge of the drop noticeably
suggests that the patterned surface is hydrophobic. By tilting
the substrate we were able to move the droplet from one place
to another. In fact, it was rather difficult to keep the droplet
positioned on top of the SAM patterned Au surface. By tilting
or with the help of a pipet we were able to remove the ND
droplet from the peripheral areas of the substrate with no
residues.
Figure 2B is an optical image of a ND droplet drying; both

wet (black region) and dry (blue region with black dots)
regions can be seen in the picture. The microscope was focused
on the dry region (blue region with black dots) and as such, the

Figure 1. Schematic diagram depicting the procedure to assemble and pattern the NDs on a SAM modified Au surface. (A) Au thin film on Si/SiO2
substrate. (B) ODT-SAM patterned Au surface. (C) Assembled NDs on bare Au surface between ODT-SAM patterns.
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droplet surface (black region) is out of focus. The NDs
particles, black dots in blue region, are aligned along straight
lines (Figure 2B and C). Figure 2C is an image of same region
(Figure 2B) after 200 s. The droplet shrinks with the
evaporation of the liquid and leaves the NDs particles along
the line patterns, i.e. the bare Au surface regions between the
ODT SAMs. We recorded videos of the droplet shrinking
process on line/dot SAM patterned surfaces and observed the
“release” of NDs along the hydrophilic regions. Furthermore, as
the droplet diminished in size, we observed a decrease in

droplet shrinking speed and an increase in density of released
NDs. This observation can be explained as follows. With the
evaporation of liquid, the concentration of NDs increases in the
droplet and therefore the density of released NDs particles also
increase in the line/dot patterns. These results indicate that
solvent evaporation plays an important role in our assembly
process and NDs can be assembled in different shapes and sizes
according to surface molecular patterns, potentially extending
down to the nano scale.37 In the bottom-up assembly process of
NS, the role of the solvent is crucial. We note, however, that in
previous reports molecular forces, electrostatic interaction,
dielectrophoresis, etc. were believed to play the dominant role
in NS assembly.21−23 Although the importance of solvent shear
forces has been addressed in some solvent driven assembly
process,23 only recently has it been reported that the solvent
alone can be used to align and assemble some of the NS.25−30

According to these results28−30 solvent not only drives the NS
into the required region but it is also responsible for the high
degree of “crystalinity” within the assembled regions. In such
cases, the shape of the assembled NS was controlled by the
solvent evaporation processes and explained in-terms of so-
called “coffee rings”. In these studies, only ring and line shaped
assembly has been reported.25,28−30 Furthermore, NS assembly
by lithographically controlled wetting,26 topographical feature
pinning,25 and capillary forces27 are very promising, but there is
no report about NDs assembly, to best of our knowledge. Our
process is thus a flexible route to assemble NDs in any desired
architecture. In our NDs assembly process solvent and surface
wettability (controlled by the surface chemistry) both play an
important role and can be used to assemble NDs in different
shapes and geometries at micron- nanoscale. These results are
in good agreement with recent observation about CNT
assembly.31,32

Surface modification with SAMs in this study and previously
reported for CNTs and NS assembly are similar.20−22,24 In
those reports, in addition to columbic interaction,20−22 CNT
assembly is solvent driven24 due to a more favorable energy
state in the assembled regions. Closely focusing on the ND-
solvent edge in regions containing a SAM pattern, a meniscus is
clearly visible during evaporation; bending of solvent toward
bare Au region (hydrophilic) in ODT SAM strips (Figure not
shown). As the solvent moves backward, it releases the NDs in
hydrophilic regions (bare Au stripes) as per the shape of the
meniscus.
Similar dynamics were observed when Au surfaces were

patterned with ODT SAMs of different shapes. Topographic
and lateral force images of SAM patterns were taken by AFM
before NDs assembly (Figures not shown). Figure 2B and 2C
are the optical images of the aligned NDs where SAM patterns
are not visible. To verify that NDs do indeed assemble in bare
Au regions within the ODT SAM patterns, we took SEM
images. Figure 3A shows the SEM image of assembled NDs in
linear regions, of the bare Au surface. The ODT SAM patterns
can be seen in Figure 3A (dark gray stripes) match the shape of
the PDMS (polydimethylsiloxane) stamp used to create the
SAM patterns. They are also consistent with AFM images of
SAM patterned surface. Figure 3A shows a SEM image of NDs
on an ODT SAM patterned Au surface; NDs are confined
exclusively in between ODT-SAM line patterns with sharp,
well-defined boundaries that coincide with the ODT
boundaries. Even in high density NDs regions, sharp edges
are well-defined (Figure 3B). We observed such a high density

Figure 2. ND droplet on ODT SAM patterned Au thin film and its
evaporation behavior at the edge. (A) Optical image of a ND droplet
on this Au film. (B) Optical image of the droplet edge; black dots in
the blue region are assembled NDs, and the black region is the out of
focus part of the droplet. (C) Optical image of the same edge in B
after 200 s.
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of aligned NDs on bare Au strips only when we let the droplet
dry to completion over SAM patterned Au surface.
When a patterned substrate dipped in ND solution (very

dilute as compare to a ND droplet) for different time intervals,

a very low density of assembled NDs was observed in all cases.
These results are different from previous reports20−22 where
high densities of assembled NS were obtained from a low
concentration NS solution by increasing the dipping time. This

Figure 3. SEM and optical images, PL mapping, and XRD pattern of NDs. (A) SEM image of line patterned NDs. The darker lines are ODT SAMs
and the NDs are assembled in between on bare Au surface (bright lines). (B) Closer SEM image of patterned NDs. (C) Optical image of the aligned
NDs. The regions below/above the green line are patterned NDs in rectangular/linear patterns. (D) PL spectrum of line and rectangular patterned
ND around zero phonon line (ZPL). (E) XRD pattern of NDs. (F) Spectrum from NV’s in NDs assembled in parts C and D. The optical image in
part C and the PL mapping in part D are of the same region.
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variation could arise from a difference in solvent typewater in
the case of ND and dichlorobenzene for CNTsand needs to
be further investigated. However, common to all reports is the
fact that no NS assembled in nonwettable, hydrophobic (ODT)
regions. ODT SAM was used to create rectangular bare Au
regions and NDs assembly was also investigated in these
regions; NDs were confined exclusively in between the ODT
SAM regions with sharp well-defined boundaries that coincide
with the ODT boundaries (optical image Figure 3C: lower half
diagonal). These results evidently indicate that the solvent
releases the NDs in specific region depending upon the surface
chemistry, in particular the wettability of the surface. The latter
can be tuned by using SAMs is thus not solely solvent driven as
in previous works with “coffee ring” structures.28−30 Although,
substrate−NS interaction plays a role in NS assembly
processes;20−24 however, in our case the role of surface
wettability is more prominent and responsible to drive the
shape of assembled. It is noteworthy that variation in density of
assembled NDs was observed in line/rectangular regions
although no empty line/rectangle was observed during several
attempts. Controlling the ND concentration in solvent,
temperature, and humidity would likely aid to obtaining an
equal density of ND in the required regions, though further
systematic work is required to benchmark such uniformity.
Our results convincingly show that NDs can be assembled in

different shapes on SAM patterned Au surface. Furthermore,
methyl terminated SAM patterns can be created on many
semiconducting and metallic surfaces37 therefore suggesting
that our assembly process can be used to align NDs on different
surfaces. The assembly of NDs on different surfaces in complex
shapes, where numbers of NDs can be controlled, could play an
important role in developing ND based photonic device. The
compatibility of our assembly process with existing micro-/
nanofabrication may enable us to optically connect multiple
NDs and realize many other device topologies as well.
To verify the optical activity of NV centers in assembled

NDs, PL images were taken using a confocal optical microscope
and are shown in Figure 3D. For PL mapping, line and dot
patterns of ODT SAMs were created on same substrate using
two PDMS stamp-patterning steps. Figure 3C is the optical
image of the patterned NDs; the left lower-half diagonal is a
rectangular pattern and the right upper-half diagonal has line
shaped bare Au regions with assembled NDs. For 2D PL image
sample with relatively low density of assembled ND was
selected to get good spatial resolution. Figure 3D is the 2D PL
image generated from the integrated spectral intensity in the
635 nm −642 nm window around the zero phonon line (Figure
3F) of the patterned NDs. PL mapping data convincingly
shows that assembled NDs are optically active. PL maps were
taken in different regions of the sample and at different
intensities as well and similar results were observed.
Furthermore, the crystal structure of ND was verified by the
XRD pattern, shown in Figure 3E. Intense peaks indexed to the
cubic diamond structure; peak position and relative integrated
intensities of each peak are well matched with reported
diamond peaks.
For potential quantum information applications, it will likely

be necessary to couple different NDs optically. Currently it is
difficult to fabricate waveguides and cavities in diamond and the
growth of diamond in hybrid structures results in polycrystal-
line diamond with high scattering losses. Approaches where
NDs are coupled to microdisks/rings/cavities38−40 are
compatible with our assembly process since it only makes use

of standard micro-/nanofabrication processes. In terms of
applications to biology, the carboxylic nature of the patterned
ND surface can be used to attach specific biological species and
their attachment can be detected optically.

4. COMPUTATIONAL RESULTS
4.1. Simulation Details. The model system consists of the

Au (111) surface with patterns of the SAM. Using ODT, SAM
patterns we created −CH3terminated SAM (hydrophobic) and
bare Au (111) surface regions (hydrophilic) on the Au surface.
The simulation slab has size 79.94 Å × 86.54 Å × 100 Å. The
SAM with tail groups of methyl (−CH3) contains 160
molecules covered with a layer of 2684 water molecules. We
used the optimized geometries of these SAMs and a ND
particle, which is made up of 32 carbon atoms. The inter- and
intramolecular interactions between the water, ND, and SAMs
are modeled using the dynamics (ENCAD) force field and
energy calculations.41,42

A semiempirical tight binding model is used to describe the
inter atomic interactions between Au surface atoms.43 The
interactions between the Au surface, water, and the NDs are
modeled using the modified Sporh potential.44 The diffusion
pathways and the barriers were calculated by placing the NDs
in a cluster of water molecules. The diffusion of the ND species
(in water) was explicitly treated by a hopping mechanism in our
study. First, we placed the NDs in water in the region which is
covered by the ODT SAMs and calculated the diffusion barrier
by employing the drag method.45 Second, we performed the
same procedure using the drag method to calculate the NDs
diffusion barrier in water on the bare Au (111) surface. On the
bare Au (111) surface (hydrophilic regions), the ND has a
different barrier as compared to the hydrophobic regions
covered with ODT SAMs. The calculated diffusion barriers
(ΔEdiff,i) for the ND in water in different regions such as
hydrophobic and hydrophilic are listed in Table 1. We used
these diffusion barriers in our Kinetic Monte Carlo (KMC)
model to further simulate the alignment phenomenon of the
NDs on the Au (111) surface with patterned ODT SAMs.

The KMC method simulates the time evolution of a system
in which possible processes such as diffusion of a species at
surfaces or surface reactions with known rates can occur.
Details of KMC calculations are available in the Supporting
Information.

4.2. Simulation Results. Our results of Kinetic Monte
Carlo simulations are shown in Figure 4. These results show a
set of three curves representing the fraction of the ND
population per unit area as a function of time at different
temperatures on Au (111) with patterned SAMs. We started
our simulation by randomly covering the patterned Au (111)
surface with NDs. In the beginning (at time = 0 s), the
population of the NDs per unit area is the same in both regions
(hydrophobic and hydrophilic) (Figure 5A). With the passage
of time, solvent diffusion comes into play by aligning and
pushing the NDs into the hydrophilic regions (bare Au surface
regions). Our results show a rapid increase of the ND
population in the hydrophilic regions and a rapid decrease of

Table 1. Calculated Diffusion Barriers of the ND in Water in
Different Regions

region Au (111) ODT SAM

ΔEdiff,i (eV) 0.130 0.055
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the population in the hydrophobic regions. These results
suggest that the diffusion of NDs in water is faster at the
hydrophobic regions and it is slower at the bare Au (111)
surface. At 300 K, we see a perfect alignment and confinement
of NDs in the hydrophilic (bare Au surface) areas. This can be
understood since water desorbs with slower rate at 300 K from

the surfaces giving NDs much time to diffuse around at the
surface.
In this model, the solvent acts as a catalyst for ND diffusion

and it needs to stay at the surface for a sufficient amount of
time. We can test this conjecture by running our simulation at
higher temperatures where water evaporates quickly. In such a
situation, the solvent does not permit NDs to diffuse to the
hydrophilic (bare Au surface) areas. Thus, at higher temper-
atures we cannot see much alignment/confinement of the NDs
at the SAM patterned Au (111) surface. Therefore, our
theoretical model strongly supports our experimental data
suggesting the solvent driven assembly of NDs on the SAM
patterned Au surface.
A time evolution of the ND diffusion at the SAM patterned

Au (111) surface is shown in Figure 5. Snapshots in Figure 5
were taken respectively at t = 0.0 (A), 1.0 × 10−9 (B), 2.0 ×
10−9 (C), and 4.0 × 10−9 s (D). In Figure 5 the blue dots are
solvent chunks and red dots are NDs.

5. CONCLUSION

We have demonstrated a robust and flexible strategy for large-
scale template directed assembly of NDs, controlled by surface
wettability, in arrays of micron size patterns of different shapes.
SAM patterns were used to generate textured networks that
control the wettability of the patterned regions. Evaporating a
droplet of ND in water suspension on the SAM textured
surface reliably deposited NDs in hydrophilic (bare Au)
regions. Experimental and computational results indicate that

Figure 4. Fraction of ND population (per unit area) on a Au (111)
surface covered with patterned SAM as a function of time using KMC
simulations.

Figure 5. Time evolution KMC simulation of ND diffusion at the SAM patterned Au (111) surface. Snapshots (A) at t = 0.0 s, (B) t = 1.0 × 10−9 s,
(C) t = 2.0 × 10−9 s, (D) t = 4.0 × 10−9 s. Blues are solvent chunks and reds are NDs.
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the surface wettability controls the path for directed assembly
and has the potential to realize elaborate NDs-based devices
and hybrid structures. Confocal optical microscopy PL data
demonstrated the optical activity of NV centers in the
assembled NDs. In light of current interest in producing
high-density photonic devices, the simplicity of our technique
and its compatibility with standard semiconductor fabrication
may open up the door for industrial applications.
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