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We report on the fabrication and characterization of a Fabry-Perot microcavity enclosing a thin dia-

mond membrane at cryogenic temperatures. The cavity is designed to enhance resonant emission

of single nitrogen-vacancy centers by allowing spectral and spatial tuning while preserving the

optical properties observed in bulk diamond. We demonstrate cavity finesse at cryogenic tempera-

tures within the range of F ¼ 4000–12 000 and find a sub-nanometer cavity stability. Modeling

shows that coupling nitrogen-vacancy centers to these cavities could lead to an increase in remote

entanglement success rates by three orders of magnitude. VC 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4982168]

Nitrogen-vacancy (NV) centers in diamond are prom-

ising building blocks for realizing quantum networks for

computation, simulation, and communication. The NV cen-

ter electron spin and nearby nuclear spins form a robust

multi-qubit quantum network node that is fully controlled

by microwave and optical pulses.1,2 Separate network

nodes can be entangled through spin-photon entanglement

and subsequent two-photon interference and detection.3–5

The success rate of such entangling protocols is limited by

the low probability (few percent) of the NV center emitting

into the resonant zero phonon line (ZPL). Coupling of an

NV center to an optical cavity can greatly increase the rate

of generation and collection of ZPL photons through

Purcell enhancement.6 Purcell enhancement of the ZPL has

been demonstrated in several cavity architectures such as

diamond photonic crystal cavities,7–11 microring resona-

tors,12 and hybrid structures with evanescently coupled

nanodiamonds.13–16 In recent years, the open Fabry-Perot

microcavity17 has emerged as a promising platform for dia-

mond emitters.18–22 Such a microcavity provides in-situ
spatial and spectral tunability, while reaching strong field

confinement due to its small mode volume V and high qual-

ity factor Q. Moreover, this architecture allows for the

use of diamond slabs23 in which the NV center can be

relatively far removed from surfaces and thus exhibit bulk-

like optical properties, as required for quantum network

applications.

Here, we report on the realization of a high-finesse

tunable microcavity enclosing a diamond membrane and its

characterization under cryogenic conditions as relevant for

quantum network applications. Our cavity employs a con-

cave fiber tip fabricated using a CO2 laser ablation

technique24 coated with a dielectric mirror stack and a high

reflectivity plane mirror onto which a thin diamond mem-

brane is bonded (see Figure 1(a)). This cavity configuration

is mounted inside a closed-cycle cryostation (Montana

Instruments). To minimize scattering loss as required for a

high finesse optical cavity, low surface roughness at the

mirror-diamond and diamond-air interfaces is essential. We

fabricate the diamond membrane (Figure 1(b)) by etching a

polished 30 lm thick diamond sheet (ElementSix) down to

�4 lm using Ar/Cl2 inductively coupled plasma reactive

ion etching. This etching process is known to preserve the

surface smoothness of the diamond.25,26 Using AFM, we

measure a final diamond roughness value of 0.35 nm RMS.

Finally, the membrane is bonded to the plane mirror by van

der Waals forces.27

We first study the cavity modes by recording transmis-

sion spectra as a function of cavity length using broadband

excitation from a supercontinuum laser (see Figure 1(c)).

From these spectra, we extract the frequency of the funda-

mental modes of the cavity. The fiber mirror can be moved

laterally to obtain an empty cavity (spectrum in Figure 1(d))

or a cavity including a diamond membrane (Figure 1(e)).

The notably different length dependency for the two cases is

a direct consequence of the presence of the high refractive

index ðnd ¼ 2:417Þ diamond membrane within the optical

cavity. The partially reflecting interface between diamond

and air creates a configuration in which the cavity field can

be localized in air-like modes, with a length dependency

similar to Figure 1(d), and in diamond-like modes, which are

largely insensitive to changes in the cavity length. Due to the

coupling between these modes, the behaviour of the funda-

mental modes in Figure 1(e) displays avoided crossings. The

resulting resonant cavity frequencies � are determined from

a one-dimensional lossless cavity model:21,28a)r.hanson@tudelft.nl
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� � c

2p La þ nddð Þ

�
pm� �1ð Þm

� arcsin
nd � 1

nd þ 1
sin

mp La � nddð Þ
La þ ndd

� �� ��
; (1)

and fit to the measured resonant frequencies to extract the

diamond thickness d and the length of the air layer in the

cavity La with an accuracy up to k=2.

The intrinsic cavity properties are described by the

finesse that we calculate using the cavity length (as deter-

mined by the transmission spectra) and the cavity linewidth

in frequency. To measure the latter, we couple light with a

frequency of 471.3 THz from a narrow-linewidth (<1 MHz)

diode laser into the cavity and detect the transmitted signal

using a photodiode as we scan the cavity length across the

resonance. Phase-modulation was used to create laser side-

bands at a fixed 6 GHz separation to directly determine the

cavity linewidth in frequency (Figures 2(a) and 2(b)). We

obtain the finesse of the cavity for different cavity lengths.

These measurements are repeated at different positions on

the diamond membrane and at different temperatures (300 K

and 11 K). The results are summarized in Figure 2(c). For

intermediate cavity lengths, high finesse values of approxi-

mately 10 000 are supported by our cavity architecture. For

cavity lengths larger than 55� k
2
, we observe a distinct drop

in finesse which we attribute to clipping losses.17 At short

cavity lengths (<45� k
2
; Lair � 4 lm), the finesse values

show significant fluctuations. We note that similar scatter of

finesse values at short microcavity lengths has been previ-

ously observed;17,21 potential causes are cavity misalignment

and contact between the fiber and the plane mirror.

We further investigate the variation of the average

finesse as a function of the character (air-like versus dia-

mond-like) of the cavity mode. Cavities formed at the steep-

est part of a mode (Figure 1(e)) are assigned an “air-like

character” of 1, whereas the cavities at the flat part have air-

like character of 0. Intermediate values are obtained from a

linear interpolation by frequency. The bare cavity, that we

approximate to have an air-like character of 1, has a finesse

of F � 28 000 (Figure 2(d)), which is in agreement with the

value expected from the mirrors’ parameters. Inserting the

diamond membrane into the cavity reduces the finesse. We

attribute this reduction to several effects. First, adding a dia-

mond interface into the optical cavity introduces an addi-

tional loss mechanism due to scattering from the diamond

surface. Given the measured surface roughness of the dia-

mond membrane, we expect a reduction in finesse due to

scattering to F � 21 000.29 Second, the refractive index of

the plane mirror coating is optimized for bare cavity applica-

tions. Inserting a diamond membrane (which has a higher

refractive index than air) will lower its effective reflectivity,

reducing the finesse threefold.21 The influence of these

mechanisms is strongly dependent on the character of the

mode in the cavity. The modes with a diamond-like character

have an antinode at the air-diamond interface and therefore

are most susceptible to scattering at the diamond surface.

The trend in the data in Figure 2(d) is consistent with the

above consideration, where modes with a more air-like char-

acter show a higher finesse.

We estimate the effect that the cavities realized here

would have on an embedded NV center’s excited state life-

time as well as the probability that emission occurs via the

ZPL into the cavity mode (Figure 2(e)). We use the Purcell

factor F for an ideally placed and oriented NV:

F ¼ 3

4p2

c

nd�

� �3 Q

V
; (2)

and use bulk-like free-space values for the branching ratio

into the ZPL (3%) and excited state lifetime (12 ns).12 A

more complex model that explicitly takes dephasing, phonon

side-band emission, and other cavity modes into account19,30

yields quantitatively similar results (not shown). We find

that the emission properties of the NV center would be

greatly improved, with a probability of emission into the

cavity mode via the ZPL above 80% for the current finesse

values, compared to the �3% probability into all modes for
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FIG. 1. Design of the setup and the cavity transmission spectra. (a) Schematic

of the cavity showing the concave fiber-tip and the plane mirror onto which a

diamond membrane is bonded. The fiber-tip concavity (radius of curvature of

18.4 lm) is fabricated by CO2 laser ablation and coated with a dielectric mir-

ror (LASEROPTIK). The residual transmission of the fiber mirror is 50 ppm

and losses are �70 ppm. The reflectivity of the plane mirror is �99:99%.

From this follows an expected finesse of F � 29 000. (b) The microscopy

image of the 4 lm thick bonded diamond membrane. Positions at which cav-

ity properties are measured at 300 K (11 K) are marked with filled (open)

markers. (c) Overview of the experimental setup. Effects of mechanical noise

sources such as the cryostation pulse tube operation are mitigated with a high-

frequency resonance cryo-positioning stage and a low-frequency resonance

passive vibration isolation stage (Janssen Precision Engineering CPSHR1-s

and CVIP1). See supplementary material for low temperature mechanical

noise spectrum. (d) and (e) The cavity fundamental modes’ dependency on

the cavity length, for a bare cavity (position 6 in (b)) and a cavity containing

diamond (position 1 in (b)). Higher order modes are removed to show only

the fundamental mode which we fit with the resonant frequencies given by

� ¼ cm=2La for (d) and by Eq. (1) for (e).
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the uncoupled case. Thus, both the relative contribution of

ZPL photons to the emission and the collection efficiency

may be significantly enhanced using these cavities.

The linewidth measurements in Figure 2 probe the intrin-

sic cavity properties at time scales comparable to the scan

time (0.1 ms at T¼ 11 K). Cooling the system to cryogenic

temperatures introduces significant low-frequency (up to

about 10 kHz) mechanical noise from the cryostation pulse

tube, which results in cavity linewidth broadening when aver-

aging over time scales longer than (10 kHz)�1. We probe the

effect of the low-frequency noise on the system by measuring

the cavity transmission signal as a function of the laser fre-

quency at a fixed cavity length (50� k
2
). The laser frequency

is swept slowly compared to the pulse tube cycle time, ensur-

ing that the full effect of pulse-tube-induced vibrations is visi-

ble in the data. The resulting signal is shown in the orange

curve in Figure 3(b). The broadened cavity linewidth is fitted

with a Gaussian function, for which a full width at half maxi-

mum (FWHM) of 22.2(7) GHz is found. This value is a direct

measure of the cavity displacement from its resonance posi-

tion of 0.80(3) nm.

Synchronization of our measurement to the 1-Hz cycle

of the cryostation pulse tube gives further insight into the

effect of the mechanical noise. In Figure 3(c), we present

the dependence of the effective cavity linewidth on the mea-

surement delay with respect to the cryostation sync signal

(Figure 3(a)). We find that the vibrations of the system are

strongly dependent on the timing within the cryostation

cycle, with the cavity linewidth broadening varying from

14 GHz to 50 GHz. The open red datapoints in Figure 3(b)

show the photodiode signal for the lowest vibration time-bin,

250–300 ms after the sync signal, for which the Gaussian

fit gives a cavity length displacement of 0.48(3) nm. Cavity

displacement can be further reduced by employing active

cavity stabilization methods such as the Pound-Drever-Hall

technique.31

Figure 3(d) shows the effect of the low-frequency vibra-

tions on the expected fraction of the NV center’s emission

into the ZPL as calculated in Figure 2(d). We use a Gaussian

distribution of the displacements as found in the vibration-

sensitive measurement of Figure 3(b) and a target cavity

finesse of 5000. For the measured vibration levels, we expect

FIG. 2. Measurements of intrinsic cavity properties. (a) Cavity linewidth measurements are performed by scanning the cavity length (orange) around the laser

resonance and measuring the signal on the photodiode (blue). The laser frequency is modulated at df ¼ 6 GHz. (b) Two representative linewidth scans mea-

sured at T¼ 300 K and T¼ 11 K. A single polarization eigenmode is selected using a polarizer in the detection path. At cryogenic temperatures, some scans

show a deformation as a result of the system vibrations. To represent the intrinsic (vibration-independent) linewidth, we use only scans to which three

Lorentzians could be reliably fitted. (c) Finesse dependence on cavity length measured at five different positions on the diamond membrane at T¼ 300 K

(closed markers) and T¼ 11 K (open markers). Per cavity length 40–100 scans as in (b) are averaged to obtain the linewidth in frequency. (d) Finesse depen-

dence on the air-like character of the cavity mode, averaged over L ¼ 47� k
2

to L ¼ 55� k
2
. The data points with an air-like character of 1 represent measure-

ments of the bare cavity finesse. (e) Simulations of the excited state lifetime and emission probability into the cavity mode via the ZPL for an NV center

embedded in this optical cavity with L ¼ 45� k
2
. The shaded region shows the finesse range 4000–15 000 measured for cavities containing diamond.
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FIG. 3. Vibration-sensitive measurements of the cavity linewidth. (a)

Timing of the cavity linewidth detection with respect to the cryostation syn-

chronization signal. (b) Measurement of the cavity transmitted signal, per-

formed by sweeping the laser frequency over the cavity resonance during 41

cycles of the cryostat pulse tube. The center of 50 sweeps is overlapped and

averaged, and fitted with a Gaussian curve, for data collected throughout the

cryostation tube cycle (orange curve), and for data collected in the time bin

250–300 ms after the sync signal (red curve). (c) Cavity linewidth depen-

dency on the measurement time with respect to the sync signal. (d)

Simulation of the NV center emission via the ZPL for a cavity with length

45� k
2

subject to vibrations. The results include a perfectly oriented emitter

in the cavity anti-node (solid line) and for an emitter with 30� dipole mis-

match and k
10

deviation of the emitter position from the cavity anti-node

(dashed line). The inset shows the dependency of the NV center’s emission

into the ZPL on the cavity displacement from its resonance position.

171103-3 Bogdanović et al. Appl. Phys. Lett. 110, 171103 (2017)



the resulting emission via the ZPL into the cavity mode to be

33% which still greatly surpasses the native NV center’s

emission. In the analysis, we assume the case of an ideally

placed emitter within the cavity field (Figure 3(d) (solid

line)). We additionally explore the effect of a non-ideal

dipole orientation and emitter location, resulting in an emis-

sion probability of 26% (Figure 3(d) (dashed line)). In prac-

tice, close-to-ideal conditions could be achieved by utilizing

a h111i-oriented diamond crystal and achieving a high NV-

center concentration through nitrogen implantation32 or

nitrogen delta-doping growth.33 Stable implanted NV centers

with the desired linewidths have already been reported.32

In conclusion, our tunable, high-finesse Fabry-Perot

microcavity with an embedded diamond membrane reaches

high finesse values of F � 12 000 at cryogenic temperatures.

The demonstrated 0.48 nm length stability under these condi-

tions would enable an approximately 13 times increase in the

NV ZPL photon emission. Additionally, these resonant pho-

tons are all fed into the well-defined spatial cavity mode that

is well suited for collection, leading to an estimated 3 times

enhanced collection efficiency. For demonstrated NV center

remote entangling schemes that rely on two-photon interfer-

ence,3,5 the resulting boost in the generation and collection

of resonant photons in the presented architecture would thus

offer an ð3� 13Þ2 � 103 increase in success probability.

See supplementary material for the cavity noise spectral

properties.
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M. D. Lukin, and M. Lončar, Nano Lett. 13, 5791 (2013).
9J. C. Lee, D. O. Bracher, S. Cui, K. Ohno, C. A. McLellan, X. Zhang, P.

Andrich, B. Alemn, K. J. Russell, A. P. Magyar, I. Aharonovich, A.

Bleszynski Jayich, D. Awschalom, and E. L. Hu, Appl. Phys. Lett. 105,

261101 (2014).
10L. Li, T. Schr€oder, E. H. Chen, M. Walsh, I. Bayn, J. Goldstein, O.

Gaathon, M. E. Trusheim, M. Lu, J. Mower, M. Cotlet, M. L. Markham,

D. J. Twitchen, and D. Englund, Nat. Commun. 6, 6173 (2015).
11J. Riedrich-M€oller, S. Pezzagna, J. Meijer, C. Pauly, F. M€ucklich, M.

Markham, A. M. Edmonds, and C. Becher, Appl. Phys. Lett. 106, 221103

(2015).
12A. Faraon, P. E. Barclay, C. Santori, K.-M. C. Fu, and R. G. Beausoleil,

Nat. Photonics 5, 301 (2011).
13D. Englund, B. Shields, K. Rivoire, F. Hatami, J. Vučković, H. Park, and
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