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ABSTRACT

Color centers in diamond are widely explored for applications in quantum sensing, computing, and networking. Their optical, spin, and
charge properties have extensively been studied, while their interactions with itinerant carriers are relatively unexplored. Here, we show that
NV centers situated 10 = 5 nm of the diamond surface can be converted to the neutral charge state via hole capture. By measuring the hole
capture rate, we extract the capture cross section, which is suppressed by proximity to the diamond surface. The distance dependence is
consistent with a carrier diffusion model, indicating that the itinerant carrier lifetime can be long, even at the diamond surface. Measuring
dynamics of near-surface NV centers offers a tool for characterizing the diamond surface and investigating charge transport in diamond

devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0130761

Color centers have widely been studied for their applications in
quantum sensing, quantum networks, and quantum information proc-
essing," Nitrogen vacancy (NV) centers in diamond, in particular, are
an attractive platform because they exhibit long spin coherence times at
room temperature and they allow for off-resonant optical detection and
initialization of spin states.”* Charge state stability and control of NV
centers are of particular interest for applications in nanoscale sensing,
superresolution microscopy,” and long-term data storage.” Recent experi-
ments have focused on selectively preparing’'* and reading out'” ' par-
ticular charge states as well as studying the impact of charge dynamics
on optically detected magnetic resonance.'"” However, the interactions
between itinerant carriers and color centers are less well explored and
can strongly impact the color center charge state, ionization dynamics,
and spin readout. Such interactions could also be harnessed for recently
developed functionality, such as electrically detected magnetic reso-
nance,'®'” and stabilizing non-equilibrium charge distributions.””*'

Recent work has focused on using itinerant carriers to manipu-
late color centers in the diamond bulk. For example, it was shown that
the optically dark state of a silicon vacancy (SiV) center is SiV>~
through charge state readout of NV centers and SiV centers combined
with remote optical pumping.”* In another example, holes generated
by one NV center were captured by another NV center, converting the
latter NV center to the neutral charge state.”” Both studies examined
NV centers far (>10 um) from the surface, at which distances surface
effects are negligible.

Here, we study charge dynamics of shallow NV centers
(10 = 5nm from the surface) and their interaction with itinerant car-
riers. Shallow defects are essential for high sensitivity quantum sens-
ing, and understanding the NV charge state and itinerant carrier
dynamics near the surface is critical for developing shallow NV centers
as a quantum platform. We demonstrate that the charge state of a
shallow probe NV center (NVp) can be controlled by free carriers gen-
erated by excitation of another remote shallow source NV center
(NV5) up to ~7 um away [Figs. 1(a) and 1(b)]. Specifically, the charge
state of NVp converts from negative to neutral as a second 532 nm
excitation laser is scanned over NVy [Fig. 1(c)]. Continuous optical
ionization and recombination of NV generate a constant flow of holes
and electrons in the valence and conduction bands, respectively. These
itinerant carriers can diffuse and subsequently be captured by NVp,
The net conversion to the neutral charge state implies that hole cap-
ture is much more efficient than electron capture, leading to a net
change in the steady-state charge. This phenomenon has been
observed in some previous works.””””

NV centers are individually interrogated using a dual channel,
multicolor confocal microscope (see the supplementary material for
details). In the experiment, two optically resolvable NV centers are
chosen within the scanning field of view, NVp and NVs One optical
channel monitors the charge state of NV} after initialization into NV~
with roughly 70% probability using a high power green pulse (94 uW,
5 ms), followed by charge state readout with a low power orange pulse
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FIG. 1. (a) Energy level diagram showing charge state conversion processes
between NVs and NVp, The solid vertical arrows indicate photoionization processes,
the dashed arrows indicate itinerant carrier transport and capture, and the curved
arrows indicate charge state conversion. (b) Scanning confocal microscope image
of two NV centers. The scale bar is 1 um. (c) The NV charge state population of
NVp as a second laser is scanned along the line cut shown in (b) with the NV posi-
tion indicated with the red dashed line. The orange solid line is a fit considering the
dependence of [NVp]~ on the NVs excitation laser power. The laser spot size is
indicated for reference (green dotted line).

(2 uW, 150 ms). In between these pulses, the second optical channel is
used to pump NVj for a time toy with a green laser pulse of variable
power, cycling its charge state between NV~ and NV° [Fig. 2(a)]. This
cycling generates free carriers that diffuse away and can be subse-
quently captured by nearby NV centers. The charge state population is
measured by obtaining fluorescence with orange excitation since
591 nm is situated in between the zero phonon lines (ZPL) of NV
(637 nm) and NV° (575 nm). A time window shorter than the decay
time obtained from the fluorescence trace is defined, over which a his-
togram of photon counts is drawn. The area under the double Poisson
shaped histogram is used to determine the charge state population of
NVp (see the supplementary material for details).

We interrogate the charge capture kinetics by measuring the
charge state of NV while varying the excitation power at NV As the
excitation power increases, the negative charge state population
(INVp] ™) (normalized with respect to the NV~ population just after
initialization with the green laser) decreases [Fig. 2(b)]. Moreover,
[NVp] ™ decays exponentially with the duration of the NV excitation
pulse, and the decay time constant decreases with increasing excitation
power [Fig. 2(c)]. Without any excitation at NVy, there is no change in
[NVp]™ over time [Fig. 2(d)]. The net decay of [NVp] ™ during NVg
illumination indicates that hole capture in the negative charge state
dominates over electron capture in both the negative and neutral
charge states.
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FIG. 2. (a) Pulse sequence used to detect the change in the NV charge state due
to optical excitation of NVs A 532nm laser pulse (94 uW, 5ms) initializes NVp
Another 532 nm pulse (variable power) continuously drives ionization and recombi-
nation processes of NV for ton. A 591 nm laser pulse (2 W, 150 ms) is used to
readout the charge state of NVp A wait time, ty, = 15ms is introduced to avoid
background phosphorescence from optical components. (b) Dependence of [NVp] ™
on NVs excitation laser power (tony = 15ms). The solid line indicates an exponen-
tial fit. (c) [NVp]~ as a function of toy for different NVg excitation laser powers
(green: 138 uW, orange: 168 uW, and blue: 216 uW), d = 2.6 um. Solid lines indi-
cate exponential fits, where the NVp hole capture probability approaches unity as
ton reaches oo. (d) The stability of the [NVp] ™~ in the dark. No change is detected
out to 500 ms. (e) Hole generation rate (y.) vs green (readout) laser power for NV
The fit curve is quadratic, indicating a two photon process.

We model the hole capture rate, y;, as

Yno = PnCh Tt Vas
2y /M
:WUth‘Fym (1)
o
2nd?

where pj, is the hole density, ¢, is the capture coefficient, y, is the hole
generation rate at NV, L, is an effective hole diffusion length that
arises from the free carrier lifetime, d is the distance between NVg and
NVy, gy, is the hole capture cross section at NVyp, v, is the hole veloc-
ity, and 7y, is the dark ionization rate, which is constant. The factor of
two in the numerator of Eq. (1) arises from a geometrical factor—we
assume that carriers can reflect from the surface, and the NV centers

yceid/Lh + Yds
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are much closer to the surface than they are to each other. To calculate
ve [Fig. 2(e)], we first fit the fluorescence of NVg under 532 nm illumi-
nation (after initialization with 591 nm laser) to an exponential fit to
extract the total charge conversion rate, ;. = 7; + 7 of NV, where
7; and 7, are ionization and recombination rates, respectively'® (see the
supplementary material for details). We measure the NV~ population
of several NV centers in our sample at the steady state for several pow-
ers of 532nm initialization. All of the measured NV centers show
NV population in the range of [55%, 70%], which along with 7}, is
used to calculate y,, and subsequently 7;. In the steady state, since the
time between subsequent holes is the total time it takes for a hole and
an electron to be generated, we have y, = (1/y;, +1/y,) .

We measured 17 pairs of NV centers in total and observed hole
capture in 14 of the pairs [Fig. 3(a)]. For the three pairs of NV centers
in which we did not observe hole capture, we were unable to deter-
mine any particular characteristics that account for their behavior.
More detailed characterization of the variation in microscopic local
environment could reveal other confounding factors, such as the pres-
ence of other carrier traps. For the remaining 14 pairs, the hole capture
rate varies among pairs of NV centers and is generally slower for NV
pairs with larger spacing d [Fig. 3(b)]. This distance dependence could
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FIG. 3. (a) Confocal scan showing a subset of the NV pairs investigated for calcu-
lating , and Ly, Pairs are indicated by different colors. The scale bar is 1 um. (b)
Time-dependent decay of [NVp] ™~ varies with d (green: 1.71 um, orange: 1.29 um,
and blue: 0.70 um). NVs is excited with a 90 uW 532 nm laser. Solid lines indicate
exponential fits, whereas toy reaches oo, the probability of hole capture
approaches unity. (c) The ratio of the hole capture rate to the hole generation rate,
o, for the 14 different NV pairs under study. The distance dependence is consistent
with a diffusion model with an infinite diffusion length (green solid line). For compar-
ison, three dashed lines with finite L, (cyan: 100 um, orange: 10 um, and red:
1 um) are also included.
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arise from the area scaling of carrier diffusion or from a finite carrier
lifetime. By rearranging Eq. (1), we can define a parameter « to investi-
gate if the hole carrier lifetime is an important factor where

5 —d/Ly

Vh— ohe
o= "n —Va _ On

Ve 2nd?

2

We assume y,; = 0 because the run time of the experiment
(<600 ms) is shorter than the dark lifetime of NVp [Fig. 2(c), see
the supplementary material for details]. The calculated o for each
NV pair is plotted vs inter-NV distance in Fig. 3(c). The distance
dependence is consistent with a 1/d* scaling (see the supplemen-
tary material for details). We, therefore, conclude that the effective
ionization of NVp due to NVy is not limited by the diffusion length
of holes.

From the fit in Fig. 3(c), we extract the capture cross section, oy,
=289 x 10" * * 0.54 x 10~* um?. The large value of o, likely arises
from the Coulomb attraction between the negatively charged NV cen-
ter and the hole, resulting in Rydberg-like states.”* We note that
although the cross section is large, this value is an order of magnitude
smaller than previously reported for deep NV centers.”” The surface-
related suppression of hole capture could arise from finite hole lifetime
due to surface traps or reduction in the effective cross section because
of geometric overlap with the surface. We rule out the former reason
based on the distance dependence shown in Fig. 3(c). We note that
while our model accounts for the overall distance trend in the data,
there remains substantial scatter within the dataset that could arise
from differences in the microscopic environment of each NV center.
An interesting area of future research would be to perform detailed
spectroscopy to uncover the sources of this variation.

In summary, we have demonstrated generation and capture of
free carriers between two shallow NV centers that are <10 um apart
from one another. We have shown that the hole capture cross section
is smaller than prior measurements of bulk NV centers but that the
observed carrier capture rate is not limited by the carrier lifetime. The
hole diffusion length and hole capture cross section can be utilized as
sensitive probes of charge transport in diamond devices. The tech-
nique demonstrated here can be easily extended to stabilize particular
charge states of defects through photo-doping with distant donors,
rather than bulk doping, as we have recently demonstrated for Siv°
centers.”’ A natural next step would be to deploy photodoping to sta-
bilize new color centers, such as GeV®, SnV°, and PbV°.

See the supplementary material for details about methods, deter-
mination of NV~ population, calculation of carrier generation rate,
measurement of dark ionization rate, verification of long diffusion
length, and hole capture rates for concerned NV centers.
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