FULL PAPER

'.) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Observation of Binary Spectral Jumps in Color Centers

in Diamond
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Optical “blinking” normally refers to a switching behavior of fluorescence
for quantum emissions between “ON” and “OFF” state. For quantum

dots, single molecules, and nitrogen-vacancy centers in diamond, it usually
stems from conversions between two different charge states, with one
emitting strong and bright fluorescence while the other scattering weak

or no fluorescence. Here, a different type of blinking from single emitters

in ion implanted diamond is reported, with both blinking states exhibiting
detectable photoluminescence under nonresonant excitation. Thanks to the
low jumping rates, the dynamics of the emission can be directly monitored.
The quadratic power dependence of the conversion rates suggests the

studied,® on which observation of trans-
form-limited linewidth® and generation
of indistinguishable photons from dis-
tinct emitters”] have been realized. How-
ever, NV centers suffer from strong
electron—phonon interaction causing a
low Debye-Waller (DW) factor,®l and
high susceptibility to the fluctuation of
electric field of local environment.[®]
Recently, negatively charged split-vacancy
color centers in diamond, such as silicon-
vacancy (SiV)l' and germanium-vacancy
(GeV)M centers, have emerged as attrac-

possibility of two-photon ionization process in quantum jumps. This work
provides extra insights into the photodynamics of the spectral jumps on
defect-based single-photon emitters hosted in wide-bandgap semiconductors.

1. Introduction

Color centers in diamond are promising building blocks for
a variety of quantum applications!! including high-sensitive
quantum metrology,”! long-distance quantum communica-
tion,’l and large-scale quantum computing.! Among them,
nitrogen vacancy (NV) center in diamond has been heavily
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tive quantum systems by exhibiting long
spin coherence times'? and superior
optical properties.3l These emitters scatter
most light in zero-phonon line and exhibit
low vulnerability to the electric-field fluc-
tuations, as granted by the inversion sym-
metry of the molecular structures.' Together with the narrow
inhomogeneous broadening, two-photon interference between
two distinct SiV emitters on the same sample has been demon-
strated without invoking any spectral tuning technique.!
However, emission intermittency’®! and spectral jumps(”]
have also been reported on these quantum emitters when
embedded in nanodiamonds or nanostructures. Much of
efforts have been invested to understand the underlying
physics and search for methods to overcome these problems.!®!
Although similar phenomena have been reported and inves-
tigated on other low-dimensional systems, such as quantum
dots, nanorods, and molecules,*!] the exact photophysics
involved in split-vacancy systems is expected to be different. For
example, some types of these color centers exhibit a small spec-
tral diffusion with a relatively narrow linewidth, thanks to its
low sensitivity to the local electric-field fluctuations!?”! while the
others show a wide distribution of emission wavelengths which
is accompanied by a clear bimodular photon statistics.?! So far,
a complete understanding of these phenomena is still lacking.
Here, we directly observe spectral jumps from single color
centers in diamond under nonresonant excitation at cryogenic
temperature. Simultaneous recording of fluorescence from
both blinking states reveals a complete anticorrelation between
two states that can unambiguously be associated with a single
quantum emitter. Considering the stochastic nature of these
processes, there must be only two of these states involved in the
spectral jumps. Finally, the quadratic excitation power depend-
ence of the jumping rates suggests a two-photon ionization
process for conversions between the two states. Together with
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previous works,7¢??l our study proves that the fluorescence inter-
mittency is an omnipresent phenomenon in solid-state quantum
emitters, which at most times is related to an ionization process.

2. Experimental Results

2.1. Spectral Jumps

We characterized the optical properties of germanium
implanted diamond sample at 20 K by using a home-built
confocal microscope, as shown in Figure 1a. The sample was
excited nonresonantly with either 532 nm continuous-wave
(CW) light for count rate monitoring or 513 nm pulsed light
for lifetime measurements. As a complementary study, we
also investigated the spectral jumps of SiV color centers in
nanodiamond by using resonant excitations. Details on sample
preparations and experimental techniques can be found in the
Experimental Section and Supporting Information.

The first color center (labeled as E1) investigated here exhibits
a two-line structure that appears at two distinct wavelengths as
indicated by red (state A) and blue (state B) in Figure 1b. We
confirm that these two groups of spectral lines originate from
the same quantum emitter by conducting a second-order cor-
relation measurement, as shown in Figure 1c. During the
measurement, a long-pass filter (>600 nm) was used for laser
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rejection while allowing for the detections of photons from all
four transitions. We fit the data with the conventional second-
order correlation function

g? (r)=1-axexp(-|1 /tap) "

where o and 7y, represent the depth and the width of anti-
bunching dip, respectively. Without further corrections to the
finite instrument response time and APD dark counts, we
obtain an antibunching dip as low as g?(0) = 0.19 £ 0.02, which
verifies the quantum nature of the emitter and the single origin
of all four spectral lines.

We note that the spectral jump between the two doublets is
more than 47 meV, which is too wide to be accounted by the
local electric-field fluctuations in the host material.l>7>23] Fur-
thermore, the spectral splittings of the doublets are different
from each other, specifically, 6.7 meV for the short-wavelength
doublet and 11.6 meV for the long-wavelength pair. These
observations imply that the two doublets should correspond
to two different states of the same single emitter and the spec-
tral jumps reflect the conversion processes between these two
states. We associate the short-wavelength doublet (peak 1 and
2) to state A of the emitter, and the long-wavelength pair (peak
3 and 4) to state B, as shown in Figure 1b. By consecutively
and continuously recording a series of spectra over time with
an exposure time of 0.5 s per frame, we find no simultaneous
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Figure 1. Spectral jump of emitter E1. a) Home-built confocal microscope with nonresonant excitation. b) Two PL spectra recorded at two different
times, coded by red and blue, to illustrate spectral jumps. Both spectra are collected at 20 K with an integration time of 0.5 s. We associate peak 1 and
2 to state A, and peak 3, 4 to state B of the emitter. ¢) Second-order correlation function of the emitter at 20 K without any background correction. A
long-pass filter at 600 nm is used in the collection path to suppress the laser reflection while allowing collecting PL from all four transitions. The depth
of the antibunching dip, g (0) = 0.19 £ 0.02, is extracted from a fitting (red line) by using Equation (1). d) Continuous and consecutive collection of
250 spectra, each exposed for 0.5 s. Clear and evident anticorrelation between the two fluorescence states A and B is observed.
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detection of the two states in the data, as shown in Figure 1d.
Such nearly complete anticorrelation between states A and B
implies that only these two fluorescence states are involved in
the observed spectral dynamics.

2.2. Lifetime and Temperature Dependence

Generally, the half width of an antibunching dip character-
izes the dwell time of an emitter to scatter a second photon
upon the emission of the first one, which in our case is
Tgip = 2.44 £ 0.29 ns. This value is consistent with the radiative
lifetimes of both states A and B (see Figure 2a), suggesting a
similar radiative quantum efficiency for both states when the
emitter is driven by 532 nm nonresonant light.

More insight into the nature of these quantum emitters can
be obtained from the temperature dependence of transitions, as
shown in Figure 2b. As the temperature increases, all four tran-
sitions experience an evident broadening along with a decrease
of radiative efficiencies due to the enhancement of phonon
interactions. All peaks can be well fitted with a Lorentzian func-
tion whose center position and linewidth can be extracted and
compared in Figure 2c. From 20 to 190 K, all lines exhibit a sim-
ilar amount of homogeneous broadening of =4.2 meV, implying
alike coupling strengths to the phonon bath of all transitions.
In addition, peak 1 and 3 (peak 2 and 4) share a similar redshift
of 1.4 meV (1 meV) as the temperature increases to 240 K, sug-
gesting that the energy levels involved in transition 1 and 3 (or
transition 2 and 4) may possess a similar electronic structure so
as to respond similarly to the lattice vibrations and distortions
as the temperature varies. Nevertheless, all four transitions
exhibit a narrow linewidth of <0.6 meV at 20 K and display no
evident phonon sideband up to 290 K.

2.3. ON and OFF Time Analysis

To obtain more insight into the underlying physics of the state
conversion processes, we analyze the statistics of durations of

www.advopticalmat.de

photoluminescence (PL) intermittency of each state. Since the
fluorescence intensity of state A is significantly stronger than
B, we can determine the state of the emitter by monitoring the
time resolved PL intensity, as shown in the inset of Figure 3a.
We define a threshold of =90 kcps (the median of high 120 kcps
and low 60 keps) to extract the duration of ON period of state
A followed by a histograming. These statistical occurrences are
then cumulatively summed to give the occurrence that no con-
version from A to B takes place within time ¢, or equivalently,
the fluorescence is still ON after time t. Upon a normalization
to the total number of conversion events, we obtain the proba-
bility to have the emitter reside in state A for at least a duration
of t, as shown in Figure 3a. According to the quantum jump
theory of incoherent excitation,?l this probability should follow
a single-exponential decay

P(t)=exp(—Rup 1) (2)

where R,p is the conversion rate from state A to state B. Its
inverse value corresponds to a characteristic time (7p) at which
a state conversion from A to B is likely to take place. For an exci-
tation power of 0.846 mW, we find 745 = 1/Ryg = 4.03 £ 0.02 s
(see Figure 3a). We note that these conversion processes are
robust against temperature as shown in Figure S1 (Supporting
Information).

As the excitation power increases, the conversion processes
in both directions speed up (see Figure 3b,c). Particularly, the
rates Rup and Ry, follow quadratic functions over the power
as R = BP? with coefficient 3 defining the conversion efficiency
(see Figure 3d). The fact of Bgp > Bap indicates that state B
should possess a higher energy with respect to state A, despite
the lower emission energy than the latter. Due to the quadratic
dependences of both rates, the emitter would always spend
Bea/(Bag + Bpa) proportion of time in state A at equilibrium
irrespective of the excitation power P. Here, we stress that the
photoluminescence energy does not determine the energies
of state A and B, which usually depends on the details of local
environment such as the Fermi level, strains, and chemical
components.
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Figure 2. a) Excited state lifetimes of state A and B of the emitter ET under 513 nm nonresonant pulsed excitation at an average power of 0.2 mW.
The pulse is 80 ps long, repeating at 80 MHz. A band-pass filter of 620 £ 7 nm (640 £ 7 nm) is used to select the emission from state A (state B) for
measurements. Solid lines are the fits with single exponential decay characterized by 7, = 2.43 £ 0.03 ns and 73 = 2.67 £ 0.05 ns, respectively. b) Tem-
perature dependence of PL spectra, with an integration time of 15 s per line to ensure statistical recording of all four peaks. c) Center wavelength shift
and FWHM of all four transitions extracted from Lorentzian fittings of spectra in (b).
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Figure 3. Statistics of spectral jumps of the emitter E1. a) Statistics of “ON” period for state A when the system is under 532 nm nonresonant excita-
tion at a power of 0.846 mW. The dots are the raw data extracted from the fluorescence intensity over an acquisition period of =3 h. Solid line is the
single exponential fit with a characteristic time of 755 =4.03 £ 0.02 s. Inset: time-resolved fluorescence intensity recorded with 0.1 s binsize and 600 nm
long-pass filter. The laser scattering and APD dark counts only account for =100 cps. b,c) Probability distribution of the duration of “ON” period for

state A, and state B at different excitation powers. The solid lines are the si

ngle exponential fits. d) State conversion rates from A to B (Rag) and from

B to A (Rga), found by inverting the characteristic times in (b) and (c). Solid lines are quadratic fit with R = 3P?, where P denotes the excitation power
and S corresponds to the strength of conversion. Specifically, S5 = 0.24 + 0.02 Hz mW-2 and Sz = 0.51 £ 0.05 Hz mW2. Inset: Schematic of possible

conversion dynamics between the two states.

The quadratic power dependence is also reported on NV
centers in diamond,*” where a two-photon ionization process
is proposed to account for the charge state conversions in the
NV centers, i.e., between NV~ and NV°.7¢2% Similar physics
might take place in our system as well: a nonresonant photon
can promote an electron to the excited level of state A before
getting “kicked” out of the emitter (into the conduction band
of the host material) by interacting with a second photon. This
leaves the emitter in the ground level of state B, as shown in
the inset of Figure 3d. To return back to state A, the emitter
can absorb an incident photon to promote the electron into the
excited level of state B before acquiring a free electron from
the valence band of the host material with the help of a second
photon. This leaves the emitter in the ground level of state A.

2.4. Additional Emitters and Intensive Laser Exposure

Similar binary jumps have been verified on other two emitters
(labeled as E2 and E3) in the same sample (see Figure S2a,d, Sup-
porting Information). Unlike the doublet spectral lines of emitter
E1, emitters E2 and E3 exhibit a single line structure at different
energies as shown in Figure 4. The variations of emission energy
and spectral structures can be attributed to the different local
strains experienced by the different emitters, as shown in the SiV

Adv. Optical Mater. 2020, 8, 2000495 2000495

system.[”/l Nonetheless, the on-off statistics follow a similar trend
of exponential distribution as E1 (see Figure S2b, Supporting
Information). Sometimes, the spectral jumps can be eliminated
by exposing the color centers to an intense laser beam for a long
period of time as shown in Figure S2c (Supporting Information).
The resultant stabilized state usually shows different emission
energies as comparing to the earlier jumping states. Specifically,
for both emitters E2 and E3, the stabilized states show a sharp
emission near 603 nm (see Figure 4b,c), almost identical to the
602 nm emission of GeV~ color centers, implying the Ge-related
nature of these emitters.

We also investigated SiV color centers in nanodiamond
to check if similar spectral jumps present in other group-IV
emitters. Indeed, some emitters show binary jumps but with
a jumping width of only a few GHz, as shown in Figure S3b,c
(Supporting Information). This width is too small to be resolv-
able for a grating and we employ a novel resonant technique to
monitor the jumping dynamics over time (details in Section S3,
Supporting Information). Although the on-off period is also
very long (see Figure S3d, Supporting Information), the mech-
anism of spectral jumps could be different from those of Ge-
related emitters given the orders of magnitude difference in
jumping energies. We stress that all color centers investigated
in this work do not show evident bleaching or fluorescence
reduction within the period of experiments.

(4 of7) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Two additional emitters showing spectral jumps. a) Spectral
jumps of an emitter E2 between state “1” (607.3 nm) and state “2”
(618.5 nm) under 0.5 mW 532 nm excitation, taken with an exposure
time of 0.5 s per frame. b) Spectrum of the emitter E2 after a long-term
(30 min) and intensive laser exposure (2 mW), with two peaks at 603.8
and 609.1 nm, respectively. The spectrum, acquired for 15 s, is normalized
to 0.5 s for comparison. c) Spectral jumps of Emitter E3 between state
“1” (612.7 nm) and “2” (614.2 nm) under 1 mW 532 nm laser excitation.
The spectrum, acquired for 10 s, is normalized to 0.5 s for comparison.
d) After hours of exposure in 532 nm laser beam at a power of T mW,
the emitter finally shows two emission peaks at 603.5 and 614.4 nm. The
spectrum acquired for 10 s is normalized to 0.5 s for comparison.

3. Discussions

Finally, we briefly discuss the nature of our observations. Con-
sidering the emission was observed in germanium implanted
diamond, however, the main line is far from the 602 nm and
does not exhibit the natural four-line splitting. Nevertheless,
this could have been a strained GeV center. Indeed, some
strained emitters do show broad inhomogeneous distribu-
tion and do not always exhibit the four characteristic lines.l?!
Additionally, the closeness of the fluorescence lifetime to that
of GeV centers found within the same samplel'® also supports
this argument. However, we cannot exclude a color center that
has been already present in the diamond and activated upon
annealing.

Additionally, density functional theory (DFT) calculations on
SiV color centers?1?8] show that it is thermodynamically stable
to have Si complexes like SiV2, SiV:H1, etc., in diamond, which
usually exhibit a wide range of redshifted emissions as com-
paring to conventional SiV~ color centers. This is consistent with
our observations here that all three emitters display emissions at
wavelengths longer than the conventional GeV~ color centers. In
this regard, these emitters could be some Ge complexes.

We notice that the separation between the two blinking states
is only several to a few tens of nm, which is smaller than that
of NV centers (=60 nm)P2?% and SiV centers (=200 nm),13% but
larger than the separation observed in other 0D objects, such
as semiconductor quantum dots.B!l Considering the anticorre-
lation between the two fluorescent states (Figure 1d) and single-
photon emission when including all four peaks (Figure 1c), it is
unlikely to have charge transfer between multiple defects as the
underlying mechanism.
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Previous studies on NV color centers associate the blinking
and spectral diffusion to the charge dynamics within the emitter
itself or the nearby charge traps, especially those at the surface
of nanostructures.*” But since we mainly collect the PL from
the center of a solid immersion lens (SIL) that is >2 um in the
diamond, the surface traps can barely affect the emitters. Other
possibilities could be the local Fermi level fluctuations due to
the ionization or deionization of nearby charge traps, such as
P1 centers. In fact, the energy of 532 nm laser is high enough
to ionize these centers in the diamond. The disappearance of
spectral jumps after high-power exposure might relate to the
“permanent” modification of local Fermi level via strain relaxa-
tions such that the new configuration of the emitter acquires
some robustness against the local environmental instabilities.

Finally, we point out that polarization dependence of each
spectral line of states A and B will help clarify the causes for
the different emission intensities of states A and B who share
a similar radiative lifetime. These measurements along with
detailed investigations of exposure effect should provide extra
insightful perspectives on the nature of the emitter, which defi-
nitely worth additional experimental efforts in the future.

4. Conclusions

In conclusion, we demonstrate the spectral jumps of quantum
emitters in diamond under either incoherent and coherent exci-
tation. We show that the spectral jump is a ubiquitous phenom-
enon that presents in various quantum emitters in diamond.
The power dependence of the jumping process suggests the
photoinduced ionization process as the possible cause for the
phenomenon. Fluorescence blinking is a detrimental effect to
quantum information processing, which could be overcome
by exposing the quantum emitter to an intense laser beam
(see Figure 4 and Figure S2, Supporting Information) or by
local Fermi level engineering. The latter is usually achieved
by coimplanting different dopants into the material in a cau-
tious manner so as to pin the Fermi level in favor of one charge
state, as demonstrated on NV centers®3 and SiV centersB% in
diamond.

5. Experimental Section

Sample Description: The sample is a type-lla electronic-grade diamond
(IN] <1 ppb), implanted with germanium ions. The diamond substrate
was first cleaned with hot Piranha acid for 1 h before fabricating of
hemispherical (R = 2.5 pm) SIL on the surface by using focused ion
(Ga*) beam milling (7 nA flux at 30 keV). The SIL microstructure is
expected to provide 3-5-folds enhancement for fluorescence collection
efficiency. Afterward, Ge*" ions with 7 MeV energy were implanted into
SILs followed by a 2 h postannealing at 900 °C in vacuum (2 x 107 hPa),
leading to a final yield of =2-3 emitters per implantation site.

Experimental Setup: The sample was mounted on a XYZ piezo-stepper
housed in a 4 K cryostat. A home-built confocal microscope with “NA”
= 0.9 is used to address the emitters by using 532 nm diode laser, as
shown in Figure Ta. The fluorescence of the sample was collected by
using a single-mode optical fiber and directed to a spectrometer for
PL spectra characterizations or to avalanche photon diodes (APDs) for
time-tagged measurements. The laser scattering was suppressed by
passing through long-pass and bandpass optical filters.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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