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Metal nanostructures can be used to harvest and guide the emission of single photon emitters on-
chip via surface plasmon polaritons. In order to develop and characterize photonic devices based
on emitter-plasmon hybrid structures, a deterministic and scalable fabrication method for such
structures is desirable. Here, we demonstrate deterministic and scalable top-down fabrication of
metal wires onto preselected nitrogen vacancy centers in nanodiamonds using clean room nano-
fabrication methods. We observe a life-time reduction of the emitter emission that is consistent
with earlier proof-of-principle experiments that used non-deterministic fabrication methods. This
result indicates that top-down fabrication is a promising technique for processing future devices
featuring single photon emitters and plasmonic nanostructures. © 2013 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4774240]

. INTRODUCTION

Metal nanostructures can be used to tailor the emission
of single photon emitters. For instance, antennas can control
emitted radiation into free spa(:e.l’2 Moreover, a substantial
fraction of the emission of a single emitter can be captured
and guided on-chip by metal wires in the form of surface
plasmon polariton (SPP) waveguides.> Single SPPs can be
detected on-chip using integrated detectors,®’ making them
a promising tool for integrating single photon emitters into
photonic circuits. Most previous fabrication approaches for
devices suitable for such integration use either random*>” or
one-by-one assembly®® and are therefore not easily scalable.
Scalable device fabrication can be done using techniques
based on chemical functionalization” and lithography.'®!!

The nitrogen-vacancy (NV) center in diamond is a stable
single-photon source at room temperature that has gained
much recognition as promising platform for future solid-state
quantum technologies.'”*  Furthermore, diamond nano-
crystals containing single NV centers can be integrated into
on-chip photonic structures.'>™'® Here, we demonstrate an im-
portant step towards scalable fabrication of NV center-metal
hybrid structures. We deterministically place metal wires onto
pre-characterized single emitters in diamond nano-crystals
using electron beam lithography (EBL). We observe reduced
optical life times of the NV centers after the wire placement,
consistent with coupling of the emission to plasmonic modes.
Our approach is suited for mass-fabrication of devices, allow-
ing for the development and systematic characterization of
photonic circuits that use plasmonic structures to harvest radi-
ation of single photon emitters.

Il. CONCEPT AND SAMPLES

The concept of the experiment is illustrated in Fig. 1(a).
We fabricate metal wires with a width of 150 nm, a thickness
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of 50 nm, and variable length (2 — 10 um) onto pre-selected
NV centers contained in diamond nanocrystals dispersed on
a glass substrate. This allows characterization of emitters
before and after wire fabrication, using confocal microscopy
through the substrate. The chosen dimensions in principle
allow the wire to serve as a single-mode SPP waveguide at
the emission length of the NV center,*'® making it an appro-
priate testbed structure. We note, however, that our approach
is entirely independent of the precise geometry of the struc-
ture fabricated and is only limited by the spatial accuracy
with which the emitter can be located and the precision of
the EBL patterning.

Several metals support propagation of SPPs at optical
frequencies. Figure 1(b) shows expected propagation lengths
for wires of gold, silver, and aluminum, with the sample ge-
ometry as given above. The results have been obtained using
finite difference time domain (FDTD) simulations (Lumeri-
cal). These show that silver can be expected to give the best
propagation. SPPs are propagated little by aluminum,
whereas gold experiences a cut-off of the propagation for
wavelengths below ~800 nm and is therefore not well-suited
for waveguides at the emission frequencies of NV centers.
We limit our investigations here to wires of silver and alumi-
num, noting that adaptation for other materials is straight-
forward. For the simulated structure, ~60% of the total emis-
sion is emitted into guided SPP modes in the case of a silver
wire, and ~20% for aluminum. Figure 1(c) shows estimated
emission enhancements for an emitter close to the wire,
where we define the Purcell factor as®

Fp=— (1)

where Iy and I" are the total emission rates before and after
the wire placement, respectively. The results are obtained
from FDTD simulations using a simplified sample geometry
(see Fig. 1).

© 2013 American Institute of Physics
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FIG. 1. Sample design and measurement approach. (a) We fabricate a metal
nanowire deterministically on top of an NV center contained in a diamond
nanocrystal on a glass substrate. Precise localization of the emitter can be
done with respect to prefabricated position markers (indicated in the top right
of the sample). The emitter can be characterized before and after fabrication
in a confocal microscope through the back side of the substrate. (b) Simulated
propagation length of wires from different metals. The simulation does not
take into account the graininess of the material resulting from deposition by
evaporation. (¢) Simulated emission enhancement of an emitter located under-
neath a metal wire. For simplicity, we ignore the effect of the diamond nano-
particle in the simulation. We assume that the wire is placed directly on the
glass surface, with the emitter embedded in the substrate 20 nm underneath
the surface and centered under the wire, with a single radiating dipole oriented
in vertical direction.

We prepare our substrates by fabricating a grid of gold
markers on a glass cover slip of 25 mm width and 0.2 mm
thickness. We then deposit a droplet of diamond nano-
crystals in aqueous solution onto the chip (mean diameter
(d) ~50nm). In a home-built confocal microscope using
green (532 nm) laser excitation, we identify and characterize
single NV centers that we find to be preferentially in the
negative charge state (NV™) (Figs. 2(a)-2(d)). The glass sub-
strate allows for optical measurements on the emitters both
before and after the wire placement. We use a cover-glass
corrected objective (Olympus UPlanSApo, NA =0.95) and
perform all measurements from the rear side of the sample
through the substrate (Fig. 1(a)).

A fine grid of small gold markers allows precise location
of the emitters: Fitting the PL peaks with 2D Gaussians gives
the location of both NV centers and markers within the scan-
ning image (Fig. 2(a)). We then fit the position of the markers
to the real pattern on the chip. Applying the transformation
obtained from the fit to the measured position of the NV cen-
ters gives their absolute location on the chip with a precision
of ~10nm. Based on this analysis, we create the pattern data
that are required for the EBL fabrication step (Fig. 2(e)). We
note that both characterization measurements and the data
analysis can be performed automated using straight-forward
software algorithms. Therefore, our fabrication approach is
suited for efficient mass-fabrication of devices.

We fabricate the wires as follows. After the EBL step on
a poly(methyl methacrylate) (PMMA) double layer resist and
development in methyl isobutyl ketone (MIBK)/propanol-
solution, we deposit the metal by electron gun evaporation
and finally perform lift-off. Structure positioning with our
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FIG. 2. Deterministic placement of metal nanowires onto pre-selected single
NV centers. (a) Confocal scan of a sample part, showing photoluminescence
(PL) versus position. The spots encircled with dashed lines and the large struc-
ture on the left are gold markers. Spots encircled with solid lines are identified
NV centers. (b)—(d) NV characterization (emitter marked with a star in panel
(a)). (b) Lifetime, measured with pulsed excitation. The solid line is a fit to a
single-exponential decay with offset. (c) Spectrum of the negatively charged
NV center (NV™) with characteristic zero-phonon line at 637 nm. (d) Anti-
bunching in the second-order correlation function verifies that the emitter is
single. Solid line is a fit to a three level model,20 the dashed line marks the
calibrated background-level. (e) Generated pattern for electron-beam lithogra-
phy (left) and optical microscopy image after fabrication (right).

EBL system (Vistec EBPG5000Plus HR 100) is done with an
accuracy of <30nm. An optical micrograph of a finished
sample is shown in Fig. 2(e).

All fabrication steps have been carefully calibrated such
that no NV centers are destroyed in the process, while con-
tamination of the sample with fabrication residues remains at
a minimum. NV centers close to a diamond-air interface are
strongly affected by the surface of the host.?'*? It is there-
fore of importance that fabrication induces no changes to the
surface that bring the NV center into an unstable or non-
emitting state, for instance by aggressive cleaning methods
that etch away parts of the host nano-diamond. We achieve
this by cleaning the sample in a modest oxygen plasma
(TEPLA 100, 100 W microwave power, 50 sccm oxygen-
flow) after resist development and performing lift-off in a
hot acetone bath for 2 h while stirring constantly.

lll. RESULTS AND DISCUSSION

We verify the non-destructive nature of our
fabrication process by re-measuring the emitter properties.
Post-fabrication confocal scans (Fig. 3(a)) show that
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FIG. 3. Post-fabrication characterization. (a) Confocal scan after fabrication.
Insets: zoom-in onto wires placed onto single NV centers. Time-filtering the
PL signal allows for localizing the NV center; (b) we filter the PL in time by
defining a region of interest (ROI) such that strong, short-lived PL from
metal and fabrication residues is suppressed. (c) Typical lifetimes of NV
centers without (“-”) wire and with silver (“Ag”) and aluminum (“A/”)
wire placed on top. (d) Histogram of NV center lifetimes before and after
wire fabrication.

photoluminescence from fabrication residues cover the sig-
nal stemming from the NV center. However, since the back-
ground PL is short-lived (< ~ Ins), time-filtering the
signal reveals the NV center PL, allowing for locating the
emitter (Fig. 3(b)). With well-calibrated fabrication steps
we obtain a yield of 18/19, i.e., almost all emitters can be
found undamaged after processing.

Our fabrication approach is suited to observe coupling of
the emitter to the structure placed on top of it. We place wires
of aluminum and silver onto single NV centers and compare
pre- and post-fabrication lifetimes. All investigated emitters
experience a strong reduction of lifetime (Fig. 3(a)). Whereas
the mean lifetime of the NV centers before fabrication is
T, = (26 =8)ns, we find T) = (8 =3)ns for aluminum
wires (9NV centers) and T; = (7 =2)ns for silver wires
(2NV centers) placed on top (Fig. 3(b)).

Relating the post-measurement lifetimes to the pre-
measurement lifetimes yields a Purcell factor (Eq. (1)) of
Fp = 4 = 2 for both silver and aluminum. These values are
in reasonable agreement with our simulation results that pre-
dict Fp ~ 6 and 8 for silver and aluminum, respectively, at
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an emission wavelength of 700 nm. Deviations are expected
due to the idealized simulation geometry (Fig. 1(c)). Further-
more, the reduction of lifetime is in good agreement with the
values found in experiments that use random® and pick-and-
place assembly.®® This indicates that similar results as in
these earlier works could be achieved by our fabrication
scheme.

In conclusion, we have deterministically fabricated metal
nano-structures onto pre-selected NV centers and observe
emitter lifetime reductions compatible with coupling of the
NV emission to SPP modes. Our fabrication method is robust
and generally suitable for mass fabrication of hybrid emitter-
plasmon devices such as antennas and waveguides. Unlike
previous demonstrations of one-by-one or statistical assembly
of devices, our approach is not limited to emitters embedded
in nano-particles but can be used in a straight-forward way
with emitters that are embedded in bulk material sufficiently
close to the surface, for instance shallow-implanted NV cen-
ters in bulk diamond.**** This offers the possibility to fabri-
cate a large variety of devices in a reasonable time, and
therefore to systematically study on-chip photonic circuits
featuring single emitters and plasmonic nano-structures for
applications.

ACKNOWLEDGMENTS

We thank R. W. Heeres, T. van der Sar, and T. H. Tami-
niau for helpful discussions and comments. We acknowledge
support from the Dutch Organization for Fundamental
Research on Matter (FOM) and the Netherlands Organiza-
tion for Scientific Research (NWO).

L. Novotny and N. van Hulst, Nature Photon. 5, 83 (2011).

’A. G. Curto, G. Volpe, T. H. Taminiau, M. P. Kreuzer, R. Quidant, and N.
F. van Hulst, Science 329, 930 (2010).

*D.E. Chang, A. S. Serensen, P. R. Hemmer, and M. D. Lukin, Phys. Rev.
Lett. 97, 053002 (2006).

“R. Kolesov, B. Grotz, G. Balasubramanian, R. J. Stohr, A. A. L. Nicolet, P.
R. Hemmer, F. Jelezko, and J. Wrachtrup, Nature Phys. 5, 470 (2009).

SA. V. Akimov, A. Mukherjee, C. L. Yu, D. E. Chang, A. S. Zibrov, P. R.
Hemmer, H. Park, and M. D. Lukin, Nature 450, 402 (2007).

‘R. W. Heeres, S. N. Dorenbos, B. Koene, G. S. Solomon, L. P. Kouwen-
hoven, and V. Zwiller, Nano Lett. 10, 661 (2010).

7A. L. Falk, F. H. L. Koppens, C. L. Yu, K. Kang, N. de Leon Snapp, A. V.
Akimov, M.-H. Jo, M. D. Lukin, and H. Park, Nature Phys. 5, 475 (2009).

8A. Huck, S. Kumar, A. Shakoor, and U. Andersen, Phys. Rev. Lett. 106,
096801 (2011).

A, W. Schell, G. Kewes, T. Hanke, A. Leitenstorfer, R. Bratschitsch, O.
Benson, and T. Aichele, Opt. Express 19, 7914 (2011).

10M. Pfeiffer, K. Lindfors, P. Atkinson, A. Rastelli, O. G. Schmidt, H. Gies-
sen, and M. Lippitz, Phys. Status Solidi B 249, 678 (2012).

1C. Gruber, P. Kusar, A. Hohenau, and J. R. Krenn, Appl. Phys. Lett. 100,
231102 (2012).

2D, Awschalom, R. Epstein, and R. Hanson, Sci. Am. 297, 84 (2007).

137, Aharonovich, A. D. Greentree, and S. Prawer, Nature Photon. 5, 397
(2011).

4F. Jelezko and J. Wrachtrup, Phys. Status Solidi A 203, 3207 (2006).

130. Benson, Nature 480, 193 (2011).

16p, Englund, B. Shields, K. Rivoire, F. Hatami, J. Vuckovic, H. Park, and
M. D. Lukin, Nano Lett. 10, 3922 (2010).

175, Wolters, A. W. Schell, G. Kewes, N. Niisse, M. Schoengen, H. Doscher,
T. Hannappel, B. Lochel, M. Barth, and O. Benson, Appl. Phys. Lett. 97,
141108 (2010).

8T van der Sar, J. Hagemeier, W. Pfaff, E. C. Heeres, S. M. Thon, H. Kim,
P. M. Petroff, T. H. Oosterkamp, D. Bouwmeester, and R. Hanson, Appl.
Phys. Lett. 98, 193103 (2011).

Downloaded 07 Mar 2013 to 131.180.130.198. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1038/nphoton.2010.237
http://dx.doi.org/10.1126/science.1191922
http://dx.doi.org/10.1103/PhysRevLett.97.053002
http://dx.doi.org/10.1103/PhysRevLett.97.053002
http://dx.doi.org/10.1038/nphys1278
http://dx.doi.org/10.1038/nature06230
http://dx.doi.org/10.1021/nl903761t
http://dx.doi.org/10.1038/nphys1284
http://dx.doi.org/10.1103/PhysRevLett.106.096801
http://dx.doi.org/10.1364/OE.19.007914
http://dx.doi.org/10.1002/pssb.201100788
http://dx.doi.org/10.1063/1.4725490
http://dx.doi.org/10.1038/scientificamerican1007-84
http://dx.doi.org/10.1038/nphoton.2011.54
http://dx.doi.org/10.1002/pssa.200671403
http://dx.doi.org/10.1038/nature10610
http://dx.doi.org/10.1021/nl101662v
http://dx.doi.org/10.1063/1.3499300
http://dx.doi.org/10.1063/1.3571437
http://dx.doi.org/10.1063/1.3571437

024310-4 Pfaff, Vos, and Hanson

19p_ Kusar, C. Gruber, A. Hohenau, and J. R. Krenn, Nano Lett. 12, 661 (2012).

20¢, Kurtsiefer, S. Mayer, P. Zarda, and H. Weinfurter, Phys. Rev. Lett. 85,
290 (2000).

2IT. Gaebel, C. Bradac, J. Chen, J. M. Say, L. Brown, P. Hemmer, and J. R.
Rabeau, Diamond Relat. Mater. 21, 28 (2012).

227, Wolters, N. Sadzak, A. W. Schell, T. Schroder, and O. Benson,
“Ultrafast spectral diffusion measurement on nitrogen vacancy centers in

J. Appl. Phys. 113, 024310 (2013)

nanodiamonds using correlation interferometry,” Phys. Opt.; e-print
arXiv:1206.0852 (2012).

2D, M. Toyli, C. D. Weis, G. D. Fuchs, T. Schenkel, and D. D. Awschalom,
Nano Lett. 10, 3168 (2010).

24K, Ohno, F. Joseph Heremans, L. C. Bassett, B. A. Myers, D. M. Toyli, A.
C. Bleszynski Jayich, C. J. Palmstrom, and D. D. Awschalom, Appl. Phys.
Lett. 101, 082413 (2012).

Downloaded 07 Mar 2013 to 131.180.130.198. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1021/nl203452d
http://dx.doi.org/10.1103/PhysRevLett.85.290
http://dx.doi.org/10.1016/j.diamond.2011.09.002
http://arxiv.org/abs/1206.0852
http://dx.doi.org/10.1021/nl102066q
http://dx.doi.org/10.1063/1.4748280
http://dx.doi.org/10.1063/1.4748280

