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The development of a robust light source that emits one photon
at a time will allow new technologies such as secure communi-
cation through quantum cryptography1. Devices based on fluo-
rescent dye molecules2, quantum dots3 and carbon nanotubes4

have been demonstrated, but none has combined a high single-
photon flux with stable, room-temperature operation.
Luminescent centres in diamond5–9 have recently emerged as
a stable alternative, and, in the case of nitrogen-vacancy
centres, offer spin quantum bits with optical readout10–15.
However, these luminescent centres in bulk diamond crystals
have the disadvantage of low photon out-coupling. Here, we
demonstrate a single-photon source composed of a nitrogen-
vacancy centre in a diamond nanowire, which produces ten
times greater flux than bulk diamond devices, while using ten
times less power. This result enables a new class of devices
for photonic and quantum information processing based on
nanostructured diamond, and could have a broader impact
in nanoelectromechanical systems, sensing and scanning
probe microscopy.

It is well known that light–matter interactions, and in particular
in- and out-coupling of photons, can be engineered by embedding
emitters such as the nitrogen-vacancy (NV) centre (Fig. 1a) within
nanophotonic structures. One approach currently under investigation
is to evanescently couple a separate optical cavity or a waveguide to a
proximal NV centre16–20. Although this scenario uses mature fabrica-
tion schemes, light–matter interactions are reduced by the displace-
ment of the NV centre from the field maximum inside the device.
Another approach is to realize optical structures directly in thin
diamond films grown on foreign (low-index or sacrificial) substrates.
Only polycrystalline diamond films are presently available, however,
and their optical properties are inferior to those of single-crystal
diamond21. Finally, devices may be sculpted from a bulk diamond
crystal22–26, but fabricating free-standing structures such as planar
photonic crystals or microdisk resonators is a challenge.

The approach taken in this Letter is to apply top-down nanofabri-
cation techniques to define large arrays of vertically oriented nanowire
antennas in a single-crystal diamond substrate (Fig. 1b). Briefly, struc-
tures were made from a commercially available Type Ib diamond
crystal. Electron-beam lithography and reactive-ion etching (RIE)
were then used to realize �200-nm-diameter, �2-mm-long diamond
nanowires with straight, smooth sidewalls (Fig. 1c). NV centres are
embedded randomly in fabricated devices because the diamond sub-
strate has a background of natural NV centres that are created during
the crystal growth process. As a result, the etching process mechanically
isolates individual NV centres and minimizes background fluor-
escence. This simple approach is a major advantage of the nanowire
platform and is critical for this nascent material system. Fabrication
details are provided in the Methods and elsewhere26.

Three-dimensional finite-difference time-domain (FDTD) cal-
culations predict that a nanowire antenna improves the

performance of an NV centre single-photon source in two major
ways. First, coupling optical power from a pump laser to a nanowire
waveguide with an embedded NV centre allows for an order of mag-
nitude more efficient excitation than in bulk diamond crystal.
Second, the nanowire modifies the NV centre far-field emission
and facilitates collection of emitted photons with an objective
lens. For example, the fundamental nanowire mode (HE11) is the
dominant emission channel for an s-polarized dipole positioned
on the nanowire axis (Fig. 1d)27, and in this case light is emitted ver-
tically from the top nanowire facet. On the other hand, a p-polarized
dipole cannot emit into the waveguide mode due to the symmetry
mismatch, but it can still emit into vertically propagating radiation
modes (Fig. 1e). Because the NV centre dipole is polarized in the
(111) plane of a (100) diamond nanowire28,29, contributions of
both s- and p-components need to be taken into account (see
Methods). Finally, the fluorescence lifetime of an NV centre in a
diamond nanowire is expected to be intermediate between that of
bulk diamond, in which the NV centre lifetime is short (�12 ns)
owing to the large background refractive index (n� 2.4), and that
of an NV centre in a diamond nanoparticle (�25 ns), which
resembles a dipole in air (n� 1)9,26,27. Furthermore, we find that
the nanowire geometry allows for �40% of emitted photons to be
collected, compared to �3% in the case of bulk. Finally, when
modification of lifetime is taken into account, approximately an
order of magnitude higher single-photon flux should be observed
in a nanowire compared with the bulk (see Methods).

The diamond nanowires were optically addressed with a home-
built laser scanning confocal microscope (Fig. 2a,b). A high-
throughput screening technique was first used to scan large arrays
of devices and to identify those showing the highest count rates
(Fig. 2c). The device properties could then be studied over
long periods of time (days) owing to the structural stability of
the diamond nanowire and photostability of the embedded NV
centre (Fig. 2d). For quantum device applications, we have verified
the non-classical nature of light emitted from the diamond
nanowire device. Single photons from an NV centre coupled to
the nanowire antenna were sent one-by-one through a 50/50
beamsplitter, and were detected using an avalanche photodiode
(APD) at each output channel (Hanbury Brown and Twiss configur-
ation). The number of coincidence counts on each channel were
measured as a function of the time delay t and normalized to the
Poissonian source9 to give the corresponding intensity autocorrela-
tion function g(2)(t). Strong photon antibunching ( g(2)(0) , 1/2)
indicates that coupling between one NV centre and the nanowire
antenna dominates over all other background sources, including
stray light, APD dark counts and substrate fluorescence (Fig. 3a).
At high pump powers, bunching (g(2)(t) . 1) is observed at inter-
mediate delay times due to optical cycling through a long-lived,
non-radiative shelving state (Fig. 3b,c)9. In addition, the main features
of the level-crossing system that lead to the polarization mechanism of
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the ms¼ 0 sublevel of the triplet ground state and the spin-dependent
fluorescence rate30 remain unchanged after nanostructuring. This
was confirmed by standard electron spin resonance and Rabi
measurements (data not shown).

The fluorescence lifetime of a colour centre in the diamond
nanowire gives an upper bound on the number of single photons
that may be collected. This is encoded in the temporal width of the
autocorrelation data, the exponential decay of which is of the form
exp(2(rþ G)jtj) for low pump powers8,9. Here, r is the pump rate,
G¼ 1/tNW is the NV centre decay rate, and tNW is the NV centre
lifetime in the nanowire. The overall decay rate rþ G was measured
at different pump powers and observed to decrease linearly at low
pump powers (Fig. 3d). The lifetime of six different nanowire
devices was observed to be in the range tNW¼ 14.6+1.9 ns,
which is slightly longer than the lifetime of an NV centre in a
bulk material, as expected.

The dramatic benefits of nanostructuring are most directly
observed by comparing the single photon flux from an individual
NV centre in a nanowire one in a bulk crystal. The key device par-
ameters are Psat , which is a measure of how much optical power
must be used to saturate the NV centre response, and Isat , which
is the number of single photon counts per second (cps) that may
be collected from the device. These parameters were extracted
from a measurement of the device count rate for different pump
powers. After a sharp rise at low pump powers (P , Psat), the
number of collected photons per second saturated at high powers
(Isat) due to the finite NV centre emission rate according to8

I(P)¼ Isat/(1þ PSat/P). This single photon L–L curve is shown
for a representative bulk NV device in Fig. 4a, demonstrating
Isat¼ 21+2 kcps and Psat¼ 990+540 mW. The result for a typical
nanowire device is likewise shown in Fig. 4b, in which device per-
formance is given by Isat¼ 168+37 kcps and Psat¼ 58+37 mW.
This corresponds to �2.5� 1024 collected photons per NV centre
lifetime in the bulk device and �2.5� 1023 in the nanowire
antenna. Factors such as optical cycling through the metastable shel-
ving state and, more importantly, losses in the optical system used in
the experiment, are the reason that the absolute photon counts
measured in our devices deviate from the theoretical predictions.
However, a relative comparison between photon counts obtained
from the diamond nanowire and bulk diamond, shown in Fig. 4c
(Isat versus Psat), is insensitive to these imperfections and unambigu-
ously demonstrates the order of magnitude more efficient in- and
out-coupling of light in the case of nanowire geometry.

For the first time, we have used a top-down nanofabrication tech-
nique to enhance the optical properties of an individual colour
centre in single-crystal diamond. The fabrication technique retains
the crucial properties of an NV centre, and is compatible with the
requirements needed for the realization of scalable quantum
systems based on diamond. Further fundamental studies of the
properties of an NV centre in diamond nanostructures will facilitate
their integration into more complex photonic quantum information
devices, in which more advanced functions such as increasing the
photon production rate by means of the Purcell effect will allow
devices operating at even higher count levels and lower powers.
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Figure 1 | Single-photon source based on an NV centre in a diamond nanowire. a, Schematic of the NV centre, which consists of an adjacent substitutional

nitrogen atom and lattice vacancy in the diamond lattice. Broadband single-photon emission is due to a dipole transition that is polarized in the (111) crystal

plane28,29 (shaded triangle). b, Schematic representation of the device platform based on diamond crystal with randomly distributed NV centres (illustrated

with light red dots). Photons emitted from the NV centre embedded within the nanowire are directed towards collection optics. c, Scanning electron

microscope (SEM) image of a large array of fabricated diamond nanowire antennas. d, Representative field profile of a radial component of the E-field (Er) in

the case of a 2-mm-long, 200-nm-diameter diamond nanowire with an on-axis s-polarized dipole emitting at l¼ 637 nm (zero-phonon line wavelength of

NV centre), positioned at the nanowire centre. The fundamental nanowire waveguide mode (HE11) is the dominant decay channel for the s-polarized dipole.

Highly directional emission from the nanowire’s top facet, contained within the collection angle (NA� 0.95; u� 728) of an objective lens positioned above

the nanowire, allows �100% of the vertically emitted photons to be collected. e, Representative Er field profile for the same device, but with a p-polarized

dipole (vertical red arrow) positioned on the nanowire axis. Emission into upward propagating radiation modes still allows for significant collection from

an objective lens.

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2010.6

NATURE NANOTECHNOLOGY | VOL 5 | MARCH 2010 | www.nature.com/naturenanotechnology196

© 2010 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nnano.2010.6
www.nature.com/naturenanotechnology


532 nm c.w.
excita�on

650–800 nm
fluorescence

Spectroscopy of
single photons

3D sample
scanning stage

Dichroic
mirror

Filters

Single-mode
fibre

a

b

c

d

2 × 105

1

0

Photon counts per second

600
0

200 nm1 µm

5,000

10,000In
te

ns
ity

 (a
.u

.)

15,000

20,000

25,000

30,000

650 700
Wavelength (nm)

750 800

Figure 2 | Confocal microscopy of an array of diamond nanowires containing NV centres. a, The room-temperature scanning confocal microscope used in

this experiment consists of a 532 nm c.w. laser used to excite the NV centre, a dichroic mirror to spectrally separate the red NV centre fluorescence, and a single-

mode fibre acting as a confocal pinhole to reject unfocused light. An air objective lens with NA¼0.95 is used to focus the pump green light onto the sample and

collect emitted red photons. b, An SEM micrograph showing an array of the typical�200-nm-diameter nanowires analysed in this experiment. c, Confocal

microscope image of a square array of nanowire devices (scale bar, 5 mm). Light blue and yellow spots correspond to nanowires with no embedded NV centre and

nanowires containing a weakly coupled NV centre (for example, off-axis NV centres), respectively. Single-photon sources with the best performance appear red in

this image due to their high photon count rates. The inset shows an enlarged image of one of the nanowire devices. d, Photoluminescence spectrum of photons

collected from a typical diamond nanowire, showing the NV centre zero-phonon line at�637 nm and phonon sideband from 640 to 780 nm.
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Figure 3 | Non-classical light emission from an NV centre in a diamond nanowire. a–c, The presence of a single quantum emitter in the diamond nanowire

is revealed by the second-order autocorrelation function g(2)(t). The dramatic decrease at zero time delay (g(2)(0) , 1/2) indicates that photons from the

nanowire device are anti-bunched. Qualitatively different dynamics are observed at different excitation powers: 11 mW, below saturation (a); 190mW, at

saturation (b); and 1.6 mW, above saturation (c). At high pump powers, coupling to the metastable shelving state is significant and results in bunching

shoulders (g(2)(t) . 1) at intermediate times. The red curves in a and b are fits using a three-level model of the g(2)(t) function8. d, The decay rate of the

g(2)(t) spectrum measured for different excitation conditions gives the fluorescence lifetime in the limit of zero pump power9. This extrapolation yields a

lifetime of tNW¼ 14.0 ns for this NV–nanowire system, which is slightly larger than that of bulk material (11.8 ns). This is consistent with the slight

suppression of emission in nanowires predicted by the numerical model. Error bars represent+1 standard error in the decay rate fitting parameter.
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Finally, by implanting colour centres in nanowires fabricated in
ultrapure diamond, simultaneous optimization of both spin and
optical properties will be possible in a single device.

Methods
Device fabrication. The nanowire devices used in this experiment were prepared
from a high-pressure, high-temperature, Type Ib diamond, the top surface of which
was cut along the (100) crystal plane (Element 6 Corporation). The diamond was
first cleaned in a boiling 1:1:1 nitric, perchloric and sulphuric acid bath to remove

surface contamination. A 1:2 dilution of FOx 17 negative electron-beam resist with
methyl isobutyl ketone (MIBK) was then spun on the diamond to form the resist
layer. Arrays of �200-nm-diameter circles were then patterned using an Elionix
electron-beam writing system at a dosage of �6,000 mC cm22. Tetra-methyl
ammonium hydroxide (TMAH, 25%) was used to develop the resist and form the
etch mask. The diamond crystal was then placed in an inductively coupled plasma
(ICP) reactive-ion etching (RIE) system and etched for 10 min with 30 s.c.c.m. of
oxygen gas, 100 W bias power at a chamber pressure of 10 mtorr. For the first 2 min,
700 W ICP power was applied, then 3 min of 600 W ICP power, and finally 5 min of
1,000 W ICP power, resulting in vertical nanowire structures with lengths of
�2.0 mm. An HF wet etch was used to remove the mask from the top of the
nanowires, and an additional acid bath treatment was performed before
device testing.

Device modelling. The theoretically accessible single-photon flux may be described
by the figure of merit

N ¼
ÐÐ

FPðl;sÞhðl;sÞIðlÞdsdl

2p
Ð

IðlÞdl

where l is the dipole wavelength and s the dipole polarization. The Purcell factor
FP¼ GNW/Gbulk, which describes the modification of the NV centre fluorescence
lifetime in a nanowire (tNW¼ 1/GNW) compared to the bulk (tbulk¼ 1/Gbulk), was
evaluated by comparing the total emitted power from a dipole in a diamond
nanowire in a homogeneous diamond medium (n¼ 2.4). The collection efficiency h

was calculated from the overlap of the dipole far-field pattern with the acceptance
angle of our microscope objective (NA� 0.95). To take into account the wavelength
and polarization dependence of parameters Fp and h, they were averaged over the
room-temperature NV centre fluorescence spectrum I(l), as well as over the (111)
plane of a (100) diamond crystal. We calculated the figure of merit values for both
nanowire (NNW� 0.3) and bulk (Nbulk� 0.03) single-photon sources, and their ratio
gives the order of magnitude improvement in single-photon flux due to
nanostructuring. Note that in general FP and h are sensitive to the radial position of
the NV dipole owing to overlap with the nanowire mode and to axial position because
of Fabry–Perot resonances formed between the nanowire facets. These effects may be
responsible for the variation in nanowire brightness observed in Fig. 2c.
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4. Högele, A., Galland, C., Winger, M. & Imamoğlu, A. Photon antibunching in the
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