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We realize anti-reflection (AR) coatings for optical excitation and fluorescence measurements of
nitrogen-vacancy (NV) color centers in bulk diamond by depositing quarter-wavelength thick silica
layers on the diamond surface. These AR coatings improve NV-diamond optical measurements by
reducing optical reflection at the diamond-air interface from 17% to 2%, which allows more
effective NV optical excitation and more efficient detection of NV fluorescence. We also show that
diamond AR coatings eliminate standing-wave interference patterns of excitation laser intensity
within bulk diamond, and thereby greatly reduce spatial variations in NV fluorescence, which can
C 2012 American Institute of
degrade spatially resolved magnetic field sensing using NV centers. V
Physics. [http://dx.doi.org/10.1063/1.4730401]

The negatively charged nitrogen-vacancy (NV) color
center in diamond has attracted considerable attention in
recent years due to its many potential applications, including
single-photon generation,1 quantum information processing,2,3 nanoscale and bulk magnetometry,4–11 and wide-field
magnetic imaging.12,13 Many of these applications utilize the
NV electronic spin state, which can be initialized and
detected optically and coherently manipulated with microwave fields.14 The NV spin exhibits long coherence times
(T2  1 ms) in low-impurity bulk diamond samples at room
temperature.15 Optical excitation of NV centers is typically
driven with 532 nm laser light, and spin-state-dependent NV
fluorescence is emitted in the 637–800 nm wavelength range.
However, optical refraction and reflection at the bulk diamond surface can significantly limit NV spin-state excitation
and readout fidelity when using a conventional microscope
objective. A number of techniques have been employed to
improve the NV fluorescence collection efficiency for bulk
diamond, for example, by using a diamond solid immersion
lens (SIL),16,17 but losses from reflection at the diamond surface have thus far not been addressed. In particular, the diamond surface optical reflection coefficient can range from
5% for a diamond-oil interface (as used in oil-immersion
microscope objectives) to 17% for a diamond-air interface
(e.g., air objectives employed in cryogenic experiments3 or
with SILs (Refs. 16 and 17)).
In this work, we report a straightforward method of producing an anti-reflection (AR) coating on a bulk diamond
surface for improved NV excitation and fluorescence detection. The AR coating reduces the measured optical reflection
coefficient at the diamond-air interface from 17% to 2%,
for light at both 532 nm and 632 nm, consistent with our theoretical estimate. We also demonstrate that wide-field optical
illumination of a planar diamond chip without an AR coating
results in a characteristic spatial pattern of NV fluorescence
that arises from interference between multiple reflections of
the excitation laser beam within the diamond. This etalonlike or standing-wave interference pattern can degrade NV
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ensemble magnetometry5,9–11 and its use for sensitive measurements of temporally and spatially varying magnetic field
patterns.12,13 We show that these optical interference patterns are largely eliminated by AR coating the diamond
surface.
Diamonds with AR coatings are not widely available,
and studies of diamond AR coatings in the scientific literature address resistance of the coating to hostile environments
rather than optimal suppression of visible light reflections.18,19 In our work, we employed a simple and effective
fabrication procedure using a single layer, quarterwavelength thick AR coating. The optimal refractive index
of such a coating is given by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(1)
nc ¼ nd ni ;
where nd is the refractive index of diamond and ni is the refractive index of the medium at the other interface of the
coating. For a diamond-air interface, as studied in the experiments reported here, nd ¼ 2.42 and ni ¼ 1.00, yielding
nc ¼ 1.56. We chose silica (SiO2) as the coating material
because its refractive index (ns ¼ 1.46) is close to the desired
value of nc, and it is a low cost, robust, and easily accessible
material.
We deposited silica AR coatings on two planar diamond
samples via magnetron sputtering (AJA International ATC
ORION 3 sputtering system) with a base pressure of
5  108 Torr, an RF power of 148 W, and a DC bias voltage
of 142 V. The typical deposition rate was 1 nm/min, as
determined before each deposition with a trial run using a
test sample, in which the thickness of the coating layer was
measured using a surface profiler (Veeco) to within an uncertainty of a few nm. The fraction of light reflected off the AR
coated diamond surface at normal incidence is given by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(2)
RAR ¼ Ras þ Rsd þ 2 Ras Rsd cos ½4ptns =k;
where Ras and Rsd are the Fresnel reflection coefficients at
the air-silica and silica-diamond interfaces, respectively, t is
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FIG. 1. Measured reflection coefficients for 532 nm and 632 nm light drop
from 17% for a bare diamond surface (open circles) to 2% for an AR
coated diamond surface (closed circles). Theoretical reflection coefficients,
assuming near-normal incidence light, are indicated for a bare diamond surface (dashed line) and a diamond surface AR coated with a 95 6 5 nm thick
silica layer (gray shaded region), assuming air is the surrounding medium.

the thickness of the silica layer, ns is the refractive index of
silica, and k is the wavelength of the light. The final silica
thickness measured with the surface profiler (t ¼ 95 6 5 nm)
closely matched the value chosen to minimize the reflection
of both 532 nm excitation light and red NV fluorescence.
The silica layer robustly adhered to the diamonds but could
be removed using a 0.3 lm grit fiber-polishing film, if
necessary.
For our optical reflection measurements, we AR coated
half of one surface of a polished diamond plate that was
9 mm  8 mm  1.2 mm in size. This plate was composed of
six [100]-oriented synthetic diamonds produced via chemical
vapor deposition (CVD), which were bonded together and
then polished. We measured the fraction of light reflected
from each half of the diamond surface, with and without AR
coating, using collimated 532 nm and 632 nm wavelength
laser beams. By tilting the beams slightly away from normal
incidence to the diamond, it was possible to distinguish
between the beams reflected off of the front and back surfaces of the diamond and, therefore, to measure the reflection
coefficient of a single surface. In Fig. 1, we compare these
measurements against theoretical estimates made using the
Fresnel equations, Eq. (2), and the wavelength-dependent refractive indices of silica and diamond.20 Our measurements
show that for both wavelengths, the reflection coefficient
drops from 17% for a bare diamond surface to 2% for an
AR coated diamond surface, in reasonable agreement with
our theoretical estimates.
In addition to degrading NV excitation and fluorescence
detection, reflections of the diamond interfaces can also
cause significant spatial variations in the excitation light intensity within the diamond. This effect is caused by interference between incident and reflected laser light within the
polished diamond slab, which behaves as a low-finesse
(F ’ 1) etalon. This interference effect is particularly evident in wide-field illumination of ensembles of NV centers,
as employed for demonstrations of vector magnetic field
imaging using a charge-coupled device (CCD) detector.12
Such techniques provide spatiotemporally resolved sensitive
vector magnetometry within a wide field-of-view for studying magnetic field sources near the diamond interface.
Because the magnetic field signal is extracted from the NV
fluorescence rate, spatial variations in the excitation light intensity can cause systematic errors in spatially resolved NV
magnetometry and should therefore be minimized.

To demonstrate this interference effect, we used a widefield fluorescence microscope to image spatial variations of
NV fluorescence onto a CCD [Fig. 2(a)]. We employed a different diamond sample than for the reflection measurements
described above: a 300 lm thick diamond substrate produced
via CVD with very low concentrations of substitutional
nitrogen atoms (N), NV centers, and other impurities, which
was implanted with nitrogen ions and annealed, producing a
very thin (10 nm thick) layer of NV centers near one surface. The 532 nm excitation laser beam (Gaussian intensity
profile) was focused in front of the diamond sample (focused
beam diameter 2.8 lm) in order to illuminate the thin layer
of NV centers in a 100 lm wide region [Fig. 2(b)]. We
modeled the distribution of excitation light within the diamond sample resulting from this incident illumination profile
and Fresnel reflections at the sample surfaces. Considering
the incident light and the effect of two internal reflections
within the diamond sample, we calculate the intensity distribution of excitation light at the NV layer to be
IðrÞ ¼ I0 jEðr; z1 Þ þ r 2 Eðr; z2 Þ þ r4 Eðr; z3 Þj2 ;

(3)

where I0 is a constant scaling factor, E(r,
z) is the electric
pﬃﬃﬃﬃﬃﬃﬃ
field amplitude of a Gaussian beam, r ¼ Rad is the amplitude reflectivity of the air-diamond interface, and z1, z2, and
z3 are the longitudinal distances of the NV layer from the
waist of the incident beam and the second and third reflected
beams, respectively. This model of the intensity distribution
[Figs. 2(c) and 2(e)] agrees well with the measured NV fluorescence distribution recorded by the CCD [Figs. 2(d) and
2(f)]. This agreement is expected, since the NV fluorescence
rate scales linearly with the excitation intensity in the range
of intensities used here.
We next demonstrated that such spatial variations in NV
fluorescence can be greatly reduced with AR coatings on one
or more of the diamond surfaces. We used a [100]-oriented,
CVD-grown, 5 mm  5 mm  0.2 mm diamond sample with
a uniform density of NV centers (1014 cm3). The diamond’s surfaces were divided into four 2.5 mm  2.5 mm
regions, with either no AR coating, a coating on a single
side, or coatings on both sides. This diamond was AR coated
at the same time as the diamond used for the reflection measurements shown in Fig. 1. We imaged transverse spatial patterns of NV fluorescence using the CCD-based microscope
depicted in Fig. 2(a). When the uncoated region of the diamond sample was illuminated with 532 nm excitation light,
the observed transverse NV fluorescence distribution exhibited a characteristic interference pattern [Fig. 3(a)]. Because
of the uniform distribution of NV centers in this diamond,
the interference features are not as sharp as in Fig. 2(d), for
which the NV centers were constrained to a thin layer near
the diamond surface. When we instead illuminated the
region of the uniform-NV-distribution diamond with AR
coatings on both sides, the observed NV fluorescence interference pattern was greatly reduced [Fig. 3(b)]. We found
that having an AR coating on just one of the diamond surfaces also greatly reduced this interference effect, thus eliminating the need for an additional 100 nm separation between
the NV centers and the magnetic sample being probed. By
comparing NV fluorescence signals from regions with and
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FIG. 2. (a) Setup used to capture wide-field NV fluorescence images using a CCD detector. (b) Reflections of
the focused 532 nm laser beam from uncoated diamond
surfaces interfere to create transverse spatial intensity
variations of the excitation light at a thin layer of NV
centers at one diamond surface, which induce corresponding transverse spatial variations in NV fluorescence. (c) Calculated transverse spatial variation of NV
fluorescence, based upon measured properties of the
focused 532 nm laser beam (incident excitation light),
density of NV centers in the thin surface layer, and diamond thickness. (d) Corresponding measured transverse
pattern of NV fluorescence intensity recorded on CCD.
(e) and (f) Intensity as a function of transverse position
along blue lines in (c) and (d), respectively.

without an AR coating on the side of the diamond facing the
objective, we estimated that the AR coating improved NV
fluorescence transmission by 16%, which was consistent
with the expected improvement shown in Fig. 1. We did not
see any evidence of additional fluorescence originating from
the silica coating as 532 nm excitation light passed through
it.
In summary, we have demonstrated a simple, effective
procedure for producing an AR coating for a diamond-air
interface, increasing both the NV center excitation and fluo-

(a)

(b)

FIG. 3. (a) Observed NV fluorescence distribution in the uncoated region of
a diamond sample with uniform distribution of NV centers, exhibiting a
characteristic interference pattern due to reflections of 532 nm excitation
light at the diamond surfaces. (b) Observed NV fluorescence interference
pattern is largely suppressed in the region of the diamond with AR coatings
on both sides. Reproduced with permission from L. M. Pham et al., New J.
C 2011 Institute of Physics Publishing Ltd.
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rescence detection efficiencies. This technique may be easily
extended to AR coatings appropriate for other fluorescent
defect centers in diamond by varying the AR coating thickness to match the wavelength of the corresponding fluorescence band. Similarly, an AR coating appropriate for a
diamond-oil interface may be created by sputtering a material with a refractive index close to 1.9, such as Yb2O3 and
Y2O3 coatings that have previously been used with diamond.18 We have shown that AR coatings allow uniform optical excitation of NV centers in diamond within a large field
of view, which will be important for optimizing the sensitivity of bulk NV-diamond magnetometry5,9–11 and magnetic
field imaging using ensembles of NV centers.12,13 Such an
AR coating could also reduce scattering losses in absorptionbased NV ensemble measurements,21 improve NV spin state
measurement fidelity for magnetometry4–6,9–11 and quantum
information applications,3 and improve the efficiency of NV
single photon sources.16,17
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