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Abstract:  We present a detailed study of photophysical properties of
single color centersin natural diamond samples emitting in the near infrared
under optical excitation. Photoluminescence of these single emitters has
several striking features, including narrow-band (FWHM 2 nm) fully
polarized emission around 780 nm, a short excited-state lifetime of about
2 ns, and perfect photostability at room temperature under our excitation
conditions. Development of atriggered single-photon source relying on this
single color center is discussed for application to quantum key distribution.
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1. Introduction

Significant recent efforts have been focused on development of new and reliable single-photon
sources, due to an increasing number of applications for these sources in quantum optics, in
quantum cryptography and for the realization of optical quantum gates [1]. For instance, ba-
sic proofs of quantum key distribution (QKD) security rely on encoding information on single
guantum objects, namely single-photon light pulses[2]. Most practical QKD systems use weak
coherent pulses as a quasi single-photon sources, which greatly simplifies experimental imple-
mentation [3]. However, faint laser pul ses with mean photon number smaller than unity can still
contain more than one photon due to the associated Poissonian photon number statistics[4]. In-
creasing attenuation on the quantum channel to lower the probability of multiphoton pulses
is a practical solution, but it also reduces the secret key creation rate. Moreover, due to dark
count detector noise, the secret bit rate in the most commonly used QKD Bennett and Brassard
BB84 protocol [2] can drop to zero at a certain distance because of 10sses on the transmission
channel [5]. Security improvement in long-distance QKD can indeed be achieved with single-
photon sources as aready demonstrated experimentally [6, 7] or new protocols, such as the
one relying on decoy states[8, 9].
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Single photons can be conditionally prepared using a pair emission process such as atomic
cascade [10] or spontaneous parametric down-conversion [11]. One photon of the emitted pair
“triggers’ field mode preparation for asecond photon in asingle-photon state. With this scheme,
single photons at telecom wavelengths can be prepared efficiently using bulk x(? nonlinear
crystals [12] or guided-wave nonlinear devices [13]. These systems have been experimentally
confirmed as promising for long-distance QKD in optical fiber [14]. Unfortunately, emission
time remains random in this type of single-photon generation. In a quantum cryptography-
based communication system, it is highly desirable to deal with single photons triggered by an
external clock.

Clock-triggered single photons can be efficiently produced by pulsed excitation of the emit-
ting dipole [15], which undergoes a complete cycle of excitation, emission, and reexcitation
before emitting the next photon. Since first proposal by De Martini et al. [16] a variety of
single-photon source implementation schemes have been realized, many relying on fluores-
cence of isolated single emitters including atoms, molecules, color centers, and semiconductor
guantum dots (see Ref. [1] for arecent review).

A reliable triggered single-photon source based on photoluminescence of single Nitrogen-
Vacancy (NV) color centers in diamond nanocrystal was recently realized with pulsed optical
excitation at room temperature [17]. This turn-key single-photon source was then implemented
in QKD experiments using polarization-encoded single-photon sequences in the BB84 proto-
col [6, 7]. Astheoretically expected [5], single-photon light pul ses show measurabl e advantages
over faint laser pulsesfor quantum channel security and key creation rate in the high attenuation
regime.

The wide variety of photostable color centersin diamond [18] offers opportunity to optimize
single-photon properties for practical QKD applications. For instance, polarized single-photon
emission, together with nanosecond-range excited state lifetime and nanometer spectral band-
width, are desired. Recently, the Nickel-related defect NE8 was observed at the single emitter
level, both in natural diamond [19] and CVD diamond film [20]. In the NE8 center, the Nickel
atom is located at equal distance of two carbon vacancies, and it is associated with four Ni-
trogen atoms in its first coordination shell [21, 22]. The NE8 color center is characterized by
weak electron-phonon coupling and most of its photoluminescence is concentrated within the
zero-phonon line (ZPL) of sharp emission (FWHM 1.5 nm) around 800 nm.

We report on our room-temperature observation of single diamond color centers, in the same
wavelength range as the NE8 color center. Assumed to be Nickel-Nitrogen related impurities
with perfect photostable luminescence at room temperature, we study their photoluminescent
properties under optical excitation with ared cw diode laser. Both single-photon emission and
metastabl e-state shelving are observed from photon time-correl ation measurements with aHan-
bury Brown and Twiss (HBT) setup. We show that these emitters meet the required properties
for practical single-photon QKD as stated above. First, a narrow emission band is observed
around 782 nm, which liesin both open-air and fiber-optics optical communication “window”.
Second, we infer an excited-state lifetime around 2 ns, compatible with narrow time-window
analysis for reducing effects of photodetector dark count noise. Third, emitted light is linearly
polarized, which is perfectly suitable for encoding polarization information on the emitted sin-
gle photons.

2. Experimental set-up and results

We use a homemade scanning confocal microscope to select single defects in the sample (see
Ref.[23] for a detailed description of the setup). The detection system includes a HBT setup
with two silicon avalanche photodiodes (APDs) in the single-photon counting regime (SPCM,
Perkin EImer) on each side of a 50/50 non-polarizing beam splitter. It aso integrates a spec-
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trograph with a cooled CCD array for recording spectrum. We first raster scan the sample
(2 x 2% 0.32 mm type Ila natural bulk diamond wafer from Element6, The Netherlands) to
identify well-isolated photoluminescent emitters using a 687-nm diode laser for cw excitation.
The laser beam is focused to a spot size of ~ 1um FWHM about 4 um below the sample
surface. The microscope objective (x 100, NA= 0.95) also collects emitted light. Figure 1(a)
displays photoluminescence from a single Nickel-Nitrogen related defect in a9 x 9 um scan
of the sample. The z-axis indicates the count rate for one APD of the HBT setup. From the
scan in Fig. 1(a), the observed signal to background ratio of the photoluminescence is as large
as 60 : 1. The weak remaining background light is ascribed to the photol uminescence of other
color centers either of the same type but located in different planes than the imaged one, or to
other less efficient but maybe more abundant photoluminescent defects. Using ultra-high purity
CVD-grown diamond [24] or replacing the bulk sample by diamond nanoparticles [25] may
reduce this background.
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Fig. 1. (8) Fluorescence intensity raster scan of a natural diamond sample showing lumi-
nescence from an isolated color center. One APD output in the HBT setup gives maximum
counting rate ~ 4 x 10* counts/s. (b) Photoluminescence spectrum with 10 sintegration for
the single emitter observed in Fig. 1(a). This spectrum has been corrected for the quantum
efficiency of the CCD, which varies from 53 to 85% in the 740-840 nm range considered.
The narrow peak (1) at 782 nm (~ 2 nm FWHM) isthe ZPL of the Nickel-Nitrogen related
defect [19]. The sharp peak (2) at 756 nmisrelated to the one-phonon Raman scattering line
of the diamond lattice with 1332 cm~1 frequency shift. Inset: ZPL, more clearly showing
phonon wing intensity.

The HBT setup is used to investigate the fluorescence intensity correlation function. Thanks
to narrow spectral emission, a bandpass filter placed before the HBT setup permits selection of
defect photoluminescence while rejecting Raman scattering from the diamond crystalline lat-
tice. Analysis of photodetection events gives a histogram of time delays between consecutively
detected photons. Thisdelay function is equivalent to the second-order intensity autocorrelation
function for short time scales [26]. Antibunching evidence of single center emission appears as
adip in the recorded delay function aroundt = 0 (see Fig. 3(a)) as a consequence of finite time
duration for the excitation-emission-reexcitation cycle of asingle dipole [4].

At the same time, we record an emission spectrum for the single emitter. Figure 1(b) shows
the spectrum for the emitter in Fig. 1(a). The narrow emission peak at 782 nm is tentatively
ascribed to a Nickel-Nitrogen related impurity in diamond [18, 27]. From this spectrum, we
infer that even at room temperature, about 70% of the total intensity is concentrated in the ZPL.
This value is much higher than the ~ 1% value for the Nitrogen-Vacancy color center.

We also investigated polarization properties of the single color center relative to absorption
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and emission. While rotating the linear polarization angle of the excitation laser, we monitored
photoluminescence intensity and obtained oscillations with contrast of about 96%. This contrast
value proves that the single color center behaves like a dipole for light absorption. We studied
the emitted light polarization properties using a quarter-wave plate. The collected light is el-
liptically polarized with an aspect ratio of 0.25, indicating that the single defect also behaves
like an emitting dipole. The linear polarized light becomes elliptical after propagation through
ahigh numerical aperture objective and dichroic mirror, both known to modify polarization.

3. Photophysics of 782 nm emitting color centers

To investigate dynamical processes of photoluminescence, we model single color center re-
sponse within the framework of athree-level system comprised of ground (1), excited (2), and
metastable (3) levels as shown in Fig. 2.

(2)
f N T3 K T21
s (3)
ri2| 721 _~“metastable
T3
(1 —

Fig. 2. Three-level system with corresponding decay and intersystem crossing rates.

The single color center is excited from its ground level. From its excited level, the center
either returns to the ground level or non-radiatively decays to the metastable level, asindicated
by photon bunching observed in the intensity correlation measurement. From this “dark” level,
the system finally returns to the ground level by phosphorescence. These dynamics can be
described by the following set of rate equations for populations { p1, pz, ps} of the three levels

Po= riop1—(ra1+r23)p2 )

Pr= —Tr12P1+r21P2+1r31P3
Ps= r23P2—r31pP3

where rpm (with n,m = 1,2,3) denotes the transition rate from level (n) to level (m). We as-
sume that transition rates ro3 and r; to and from the metastable level, respectively, are small
compared to the rate of decay ro; from excited to ground level. According to Ref. [28], from
the normalized intensity correlation function

—~

(1(0)1 (1))
(1)2 @

we infer the following analytical expressionfort > 0

9@ (1)

g (t) = p2(0;t) /pa(e) = 1— (1+a)e ' +ae 2, ®

AL =Tr12+T121, 4)

A2 =ra1+r23r12/(r12+r), ©)
a=rir/[ra1(ri2+ra1)l, (6)
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where py() is the steady-state population of the excited level (2) and p2(0;t) denotes the
population of level (2) at timet, starting from level (1) at timet = 0. Recalling that ro3 and r3;
are small compared to ryy, it followsthat A1 ismuch larger than A,. The following two limiting
expressions of Eq. 3 can then be found.

(i) On “short” time scales (t < 20 ns), the g® function exhibits photon antibunching:

g?(t) ~ 1 (1+aje ™" 7

(if) On “long” time scales (t = 20 ns), antibunching associated with luminescence of the single
emitter does not affect the g® function [29], such that:

9@ (t) ~ 1+ae 2, (8)
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Fig. 3. (a) Photon coincidence number c(t) (right scale) and normalized intensity corre-
lation function g(?) (t) (left scale) recorded for a single emitter at short time scales (Jt| <
20 ns). Excitation was carried out at 9 mW, the maximum available cw power. Integra-
tion duration was T = 590 s, R; ~ 37000 counts/s, Ry ~ 48700 counts/s, and time bin
w = 0.17 ns. Red dots represent experimental data, while the solid blue line is a convolu-
tion of Eq. (7) with the measured instrumental response function, with adjusted parameters
a and A1. (b) Evolution of parameter A1 (red dots) as a function of excitation power with
linear fitting (in blue), according to Eq. (4).

Normalization of the g@ correlation function is inferred from the number of coincidences
c(t) recorded during an integration period T and for atime bin of width w

@ C(b)
970 = R RTwW ©)
The factor RiR>T corresponds to the coincidence rate for an equivalent Poissonian photon
number distribution associated with Ry » counts rates on each APD. This relation between c(t)
and g@(t) neglects any contribution from random background light emission, as assumed from
the high signal-to-background ratio for the observed emitter in Fig. 1(a).

For a short time scale, the correlation function g\ (t) and measured coincidences are repre-
sented in Fig. 3(8). It shows a distinct minimum at zero delay, with aresidua non-zero value
due to convolution with the instrumental response function (IRF) of the detection setup.

Thisfunction isindependently measured to bea 1.2 ns FWHM Gaussian function, by correla-
tion of Ti:Salaser 150-fslaser pulses. Taking into account the | RF time, the measured intensity
correlation function for our short time scale is fitted well by convolution of the IRF with the
g@ function given by Eq. (7).
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By fitting the g'@ function curve at short times for different excitation powers, we obtain the
value of A asafunction of excitation power (Fig. 3(b)). At zero excitation power, A1 isequal to
thetransition raterps, theinverted excited-level photon-emission lifetime. For the single emitter
in Fig. 1(a), we obtain ro; = 0.47 ns~* by extrapolating the linear fit to zero excitation power.
Excited-level photon-emission lifetime isthen calculated to be as short as 2 ns.

The absorption rate from the ground level is deduced from the dependence of A; on exci-
tation intensity, as given by r12 = gl /hv with absorption cross-section g, excitation intensity
I, and excitation frequency v. From A; at different excitation intensities, we obtain a power-
independent absorbing cross-section o ~ 1.7 x 1016 cm?.

1.6 | | 6x10°F
1.4 _
= < 4t
@v 1.2} \Ucl
> 1.0¢ ~ 2F
<
0.8} ol (b) |
0 200 400 0O 2 4 6 8 10
Delayt (ns) Excitation power (mW)

Fig. 4. (&) Number of photon coincidences c(t) (right scale) and normalized intensity cor-
relation function g(? (t) (right scale) for a single emitter over a long time scale (|t| 2
20 ns) with excitation power 9 mW, integration duration T = 605 s, Ry ~ 38600 counts/s,
R> ~ 33400 counts/s, and time bin w = 2.3 ns. Red dots represent experimental data, while
the solid blue linefit is a convolution of Eq. (8) with measured instrumental response func-
tion. The dashed line indicates normalization corresponding to Poissonian photon-number
statistics. The minimum value of g(? at t = 0 appears higher than in Fig. 3(a) due to larger
time bin for the histogram plot. (b) Evolution of parameter A, (red dots) as a function of
the excitation power, with fit (in blue) according to Eq. (5).

On long time scales, we observe g'? (t) > 1, corresponding to a bunching effect attributed
to leakage into the “dark” metastable level (3) of the three-level model shown in Fig. 2. By
fitting g (t) without antibunching we obtain A, asafunction of excitation intensity (Fig. 4(b)).
Intersystem crossing ratesrp3 and r3; are evaluated by fitting A2 using Eq. (5), together with i,
and ro; deduced from short time-scale measurements.

Treating rp3 as a constant, we observe that the bunching effect depends on excitation power,
indicating that 687 nm excitation light contributes to deshelving the metastable level. Indeed,
our data are fitted well by assuming rz; dependence on excitation intensity (or, equivalently,
on laser excitation power Px) in the following manner ra; = r3; (1+ BPx), Which givesry =
275 us ™t 1Y =171 ust and B = 0.102 mW~1. This dependence of deshelving rate on
excitation intensity is also observed for single molecules [29].

Using the parameters obtained above, the detected fluorescence rate is given by

21
R= , 10
110 (e i+ 12a /11 + 1) (10)
where Risthe sum of count rates on thetwo APDs. Parameters nge: and g represent the overall
detection efficiency and the photoluminescence quantum yield, respectively. With decay rates
obtained by fitting with intensity dependences A1 and A,, we obtain nger x Ngo = 4.2 x 1074,

#9540 - $15.00 USD Received 15 November 2005; revised 20 January 2006; accepted 23 January 2006
(C) 2006 OSA 6 February 2006/ Vol. 14, No. 3/ OPTICS EXPRESS 1302



(o]
o

(o3}
o

3

Count rate (10 counts/s)

N
(@)

N
(@)

0 2 4 6 8 10

Excitation power (mW)
Fig. 5. Photoluminescence intensity measurement (circles with error bars) given by count-
ing rate sum for both APDs, vs. excitation laser power. Fit given by Eq. (10) incorporates

rate values ry, calculated from measurements of A1 and A,. The fit is therefore achieved
with asingle free parameter, corresponding to the overall efficiency nget x ng.

In our experimental setup, Nge is limited by the collection efficiency of the microscope ob-
jective. Microscope parameters include: microscope objective with NA= 0.95 working in air
without immersion ail, g =~ 2.6%, sphericity aberration ng, ~ 20%, objective transmittance
Ntrans =~ 80%, optics (lens, dichroic mirror, filters) transmittance nept ~ 35%, and silicon APDs
guantum efficiency of napp =~ 55% in the near-infrared region. The estimated total detection
efficiency IS Ndet = Neol X Nab X Nirans X Nopt X NAPD =~ 8 X 10~4. Wefinally roughly estimate the
photol uminescence quantum yield to be ng ~ (52 + 20)%. While the quantum yield obviously
needs a more precise evaluation, our estimate indicates that the measured short excited-state
lifetime is associated with strong radiative oscillator strength, and not to efficient photolumi-
nescence quenching through fast non-radiative decay processes which do not appear in the three
level model.

4. Conclusion

We have studied photophysical properties of a color center, most likely of the Nickel-Nitrogen
related type, with near-infrared emission at the single-emitter level. Assuming a three-level
system, we have measured key photoluminescence parameters using the intensity correlation
function on time scales both “short” and “long” compared to the emitter excited-level lifetime.
This single diamond color center demonstrates favorable properties for applications in single-
photon quantum information processing and quantum cryptography. A complementary study
will determine optimal excitation wavelength to design a customized pulsed excitation laser for
development of an efficient triggered single-photon source.
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