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Apart from applications in classical information-processing devices, the electrical control of atomic
defects in solids at room temperature will have a tremendous impact on quantum devices that are based
on such defects. In this study, we demonstrate the electrical manipulation of individual prominent
representatives of such atomic solid-state defects, namely, the negative charge state of single nitrogen-
vacancy defect centers (NV ™) in diamond. We experimentally demonstrate, deterministic, purely electrical
charge-state initialization of individual NV centers. The NV centers are placed in the intrinsic region of a
p-i-n diode structure that facilitates the delivery of charge carriers to the defect for charge-state switching.
The charge-state dynamics of a single NV center were investigated by time-resolved measurements and
a nondestructive single-shot readout of the charge state. Fast charge-state switching rates (from negative
to neutrally charged defects), which are greater than 0.72 4 0.10 us~!, were realized. Furthermore,
in no-operation mode, the realized charge states were stable for presumably much more than 0.45 s.
We believe that the results obtained are useful not only for ultrafast electrical control of qubits, long T,
quantum memory, and quantum sensors associated with single NV centers but also for classical memory

devices based on single atomic storage bits working under ambient conditions.
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I. INTRODUCTION

State-of-the-art devices have sizes of a few tens of nano-
meters, owing to electrical control, which is superior to
optical control, in which diffraction sets limits that are
1 order of magnitude larger. The electrical control of single
atomic units in, e.g., single P dopants in silicon (Si:P) [1,2]
and quantum-dots in GaAs [3,4] is getting common practice
nowadays. Owing to their single quantum nature, quantum
systems have led to the development of novel fields such as
quantum electronics, spintronics, and metrology. However, a
severe limitation for such quantum systems is the require-
ment of cryogenic conditions for operation, which can be
overcome by using other host materials. Here, we demon-
strate the deterministic and purely electrical charge-state
control of single atomic defects in diamond at room temper-
ature. For this purpose, we use single nitrogen-vacancy (NV)
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centers that primarily appear in two charge states (i.e.,
negatively or neutrally charged, NV~ or NV?).

The negatively charged NV center in diamond [Fig. 1(a)] is
a promising candidate for a solid-state room-temperature
quantum bit and quantum sensor with various applications
in quantum information [5-9], magnetometry [10-13], and
biosensing [14—16]. The electron and proximal nuclear spins
[17] of individual NV~ centers can be manipulated and read
optically [18]. Recently, it was reported that stochastic
transitions between NV~ and NV? are induced by laser
illumination [19-22], surface termination [23-25], and com-
bined optical and electrical operation [7,26,27]. Very recently,
purely electrical operations yielded the first room-temperature
single photon source [7,28]. However, to date, deterministic
charge-state control was only possible via particular optical
means on submillisecond time scales [22,29], which is too
slow for many interesting future applications.

The fast and deterministic charge-state control of single
NV centers is essential for quantum applications. For
example, charge-state stabilization improves qubit initial-
ization and readout. In addition, fast and deterministic
changes of the charge state enable fast switching of
hyperfine interactions among spin qubits, which is vital
for preserving spin quantum states. Furthermore, stochastic
charge-state changes lead to spectral diffusion of the NV~
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FIG. 1. (a) Structure of a NV center comprising a substitutional
nitrogen atom and a neighboring vacancy in the diamond lattice.
(b) Sketch of the p-i-n structure of the diamond diode. The
thicknesses of the p-type, intrinsic, and n-type layers of the device
are 0.5 mm, 10 yum, and 500 nm, respectively. (c) Confocal
microscopy PL raster scan image of the intrinsic layer. All
measurements (except the distance-dependence measurement)
were conducted on the NV center circled in red. (d) The correspond-
ing antibunching statistics of the NV center in (c). g?(0) < 0.5
indicates photons originating from a single center.

zero-phonon line (ZPL) [30-32], which is detrimental to
the efficiency of two-photon quantum interference [5] and
related quantum communication applications. In contrast,
stochastic, optically induced charge-state switching using
high laser power (about 5 MW /cm?) can be exploited for
the decoupling of nuclear spins from the NV electron spin,
yielding nuclear spin coherence times (7’) in diamond at
room temperature [6]. Potentially, the T, of the nuclear spin
is expected to be longer than 1 h [6]; however, the high-
power laser illumination heats the diamond surface and
causes drifting in the electron spin resonance transition
[33], which reduces T,. In contrast, the T, of the nuclear
spin may be made longer by electrical control, owing to its
potential for fast and efficient control. The present optical
charge-state switching mechanism (NV~ to NV?) involves
orange laser light (from about ~580to ~640 nm) pumping
and is rather slow (>kHz [22]) because two-photon
absorption processes are involved [22,29]. Furthermore,
the optical control efficiency is not 100% [22,29] because
of non-negligible optically induced rates in the opposite
direction (NV® to NV™). In contrast, the electrical change
in the charge state occurs in a single step such as capture
or release of a carrier, which is important for control
efficiency, suppression of heating, and fast operation speed
(tens of MHz ~ GHz) [34]. Furthermore, the electrical
control of carriers and charge of qubits is important for
scalable and integrated devices, which is well investigated
in quantum-dot systems [3,4].

Recently, progress on the combined optical and electrical
manipulation of charge states between NV and possibly
NV of asingle NV center [26] and between NV~ and NV°
of a NV ensemble was reported [26,27]. Grotz et al. [26]
reported the use of a diamond solution-gated field-effect
transistor with a hydrogen-terminated p-type surface as the
electrical part of the manipulation of single NV centers.
Simultaneously, a 532-nm-laser irradiation was applied
[26,27], which causes fluorescence and prevents charge-
state identification. However, because of recent findings, it
is now obvious that the laser application actually induces
severe stochastic and ongoing charge-state switching
between NV~ and NV as well as other potential proximal
defects [22,29]. Furthermore, this switching can lead to
NV fluorescence when NV~ is the stable charge state in
the dark [29] or vice versa [21]. Consequently, extrapola-
tion about the action of purely electrical control is hardly
possible because the displayed fluorescence spectra and
concluded charge states are properties of a dynamic steady
state under illumination and electrical control. The invoked
dynamics of electrical control in the dark (i.e., without
simultaneous illumination) have not been shown or inves-
tigated yet. However, the charge state in the dark is of
utmost importance to NV center applications, as they all
rely on coherent spin manipulations in the dark. However,
previously reported changes of fluorescence responses on
the application of electrical control and laser irradiation
might be a precursor of the possible effect of electrical
NV control in the dark. Previously, we observed similar
changes in photoluminescence (PL) spectra by simulta-
neously injecting current in a diamond p-i-n diode [7];
thus, we further investigate the effect of current injection
on NV centers. We first analyze the dynamics of the
dynamic steady state by time-resolved measurements of
the fluorescence response to abrupt changes in the electrical
stimulus. Furthermore, we investigate the purely electrical
influence on the NV center charge state, and we apply a
recently developed nondestructive single-shot charge-state
readout technique [35]. Consequently, we are able to
perform and prove the deterministic charge-state manipu-
lation of single NV centers in the dark.

II. RESULTS

A. p-i-n diode structures in diamond
containing single NV centers

Efficient current injection into a single NV center
requires p- and n-type diamonds. We generated them by
doping with large amounts of boron and phosphorous to
induce semiconducting properties. However, those dopants
generate defects that have PL in the same spectral range of
the NV center. Therefore, we introduced an extremely high-
quality undoped (i-) region to form a p-i-n diamond diode
with mesa structure to detect single NV centers, as shown
in Fig. 1(b). The synthesis and fabrication process of the
p-i-n diamond diode is shown in the Appendix.
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Figure 1(c) shows confocal microscopy PL raster scans of
the intrinsic area. The dashed black line indicates the edge of
the mesa structure. PL spectra were obtained from the single
NV center (red circle), which is close to the edge of the mesa
structure. The result of the fluorescence autocorrelation
measurement of the NV center is shown in Fig. 1(d). The
second-order autocorrelation function g (z) reveals an
antibunching dip of <0.5 at z = 0, indicating that the
NV center in Fig. 1(c) is indeed a single one.

B. Transient behavior of combined electrical and
optical NV charge-state manipulation

The NV center shows PL spectrum characteristics for
NV~ (ZPL at 637 nm) without current injection, as shown
in Fig. 2(a). However, the spectrum changes to NV (ZPL
at 575 nm) by simultaneous current injection, as indicated
by the blue line in Fig. 2(a). The scenario in our device is
as follows. Holes are injected as majority carriers from the
p-type layer to the single NV~ centers in the i-layer, owing

(@)

to the large difference of electrons (10'* cm™3) and holes
(10'® cm™3). The NV~ center captures a hole and is
converted to NV [7], which might be one process among
many in the dynamic steady state.

As shown in Fig. 2(b), when the injection current is
rapidly switched between 0 and 0.2 mA and a 675-nm
longpass filter removes the NV fluorescence, repetitions
of decrease and recovery of the NV~ fluorescence are
recorded. Our results are the first real-time observation of
an electrically controlled change of the dynamic steady state
of a single NV~ center. Note that the value of the current is
sufficiently small to prevent apparent electroluminescence
from the NV center, which is less than 1 k count/s [7].

To understand the dynamics of the changes in the
dynamic steady state, we performed repetitive photon
accumulation measurements with higher time resolution.
The pulse sequence is shown in Fig. 2(c), where we
simultaneously applied a continuous-wave laser with a
current pulse of 40 pus. The photon count decreases because
of the average charge-state change induced by the current,
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(a) PL comparison of the different dynamical steady states and charge states. NV states were induced by current injection of

70 pA. The excitation laser power was 0.3 mW. (b) Real-time trace of the fluorescence intensity with current switching between 0 and
0.2 mA. On the upper side, the 532-nm irradiation laser light and timing of the injected current pulse are shown. The fluorescence
intensity histogram is shown on the right. The solid red line was obtained from fitting of the two Gaussian distributions. The blue straight
line indicates the threshold of the two dynamical steady states and charge states. (c) Charge-state transitions between NV~ and NV in
the fast time-resolution measurement, which was averaged after 4 x 10 repetitions. On the upper side, the 532-nm irradiation laser
light (0.2 mW) and timing of the injected current pulse (0.3 mA) is shown. In the inset, the expanded region for the change from higher

to lower photon count is shown. It can be fitted with a single exponential e

—#_as shown by the black line.
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similar to the results shown in Fig. 2(b). However, after the
current pulse was switched off, the recovery in the photon
count was slower than the initial decrease.

For understanding the charge-state dynamics, it is
necessary to estimate the underlying charge-state rates.
The total rate of the charge-state transition A comprises
bidirectional rates A=24""+2"" =40 + Aot en + Aer T
A% ens Where 170 (1°97) is the rate from NV~ to NV°
(NV? to NV™). Furthermore, Ageni (Aurent) and 4,0, (A0
are the rates originating from the current and the laser,
respectively. In the photon accumulation measurements, the
change in the equilibrium state from higher to lower photon
counts can be fitted with a single exponential e, as
shown in the inset of Fig. 2(c). Thus, we can obtain the total
rate (1 = A7 + 1%7). To independently estimate the rates
from the laser and current, further experiments and analyses
were performed, as described below.

First, we focused on the transition from NV~ to NV9
during the current pulse in the measurement shown in the
inset of Fig. 2(c). We estimated the dependence of 1~° on
the laser power with a constant injected current. To solve
the rate equation, we obtained the rate of 1~ as follows
[Eq. (A11) in the Appendix]:

10 = Pegnvo - (’1_0 +’10_) = PegNV0 * A. (1

Here, peqnyo is the equilibrium population of NV at the
lower photon count in Fig. 2(c). The equilibrium popula-
tion pegnyo depends on the laser power and current. The
dependence is observed as the depth of the dip in the
experiment shown in Fig. 2(c) (see the Appendix).
Therefore, pqnyvo Was estimated from the following rela-
tionship with the depth of the dip:

0.373 .
Pegnve = 0.568 + 0615 Depth of the dip. )

The details of the derivation are described in the Appendix.
From pegnyo, estimated with Eq. (2), the total rate
A =274 29" from the fitting of the results in Fig. 2(c)
(inset) with a single exponential e~#, and from Eq. (1),
we obtained the rate 270 = 150 + 4,2, The dependence
of 270 on laser power with constant injection current
is plotted in Fig. 3(a). The rate increases as the power of
the 532-nm laser increases; moreover, when we fix the
laser power and vary the current, the rate also increases.
Thus, to estimate g .., e fit the data points in Fig. 3(a)
with the linear function y = a+ bx, where y and x
correspond to 170 and the laser power, respectively, and
the constant a corresponds to Ag%.,.. The current depend-
ence of A0 .., is shown in Fig. 3(b). An increase of 120 ..,
with current is observed, and the maximum rate is
Aedene = 0.72 £0.10(us™1).

We measure Agen + A2, on another single NV center
that resides 1 ym away from the edge of the n-type layer.
The measured values are in good agreement with the results
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FIG. 3. (a) Dependence of the rate Agoen + A, ON the laser
power estimated from the experiment in Fig. 2(c). The dotted
lines are the linear fitted lines for each injected current value.
(b) Dependence of 132, on the injected current. The values of
270 were derived from those when the laser power is zero in the
fitting of Fig. 3(a). (c) A pulse sequence to apply reverse bias
voltage after forward bias. (d) Dependence of the fluorescence
increase rate on the reverse bias voltage. A laser power was fixed
to 0.4 mW during forward and reverse current injection.
A forward bias current was fixed to 0.5 mA.

shown in Fig. 3(a). The maximum discrepancy of the two
measurements (0.31 us~' at I = 0.3 mA, P = 0.3 mW)
is smaller than the margins of error in Fig. 3(a).

The fluorescence increase immediately after the release
of the forward bias in Fig. 2(c) is slower compared to the
rate of the initial fluorescence decrease. In a p-n junction,
the transient behavior is well known to depend on the
storage of the minority carrier, where the diffusion time for
the remaining minority carriers immediately after the
release of the forward bias is affected [36]. In addition,
the trapping of carriers by trapping centers in the bulk or the
surface may also cause a slower change in fluorescence.
If the minority carriers or trapped carriers are involved, the
rate can be recovered by applying a reverse bias voltage.
Hence, to investigate this point, we apply the reverse bias
after the current pulse of the forward bias, as shown in
Fig. 3(c), and the result obtained is shown in Fig. 3(d). In
this experiment, we irradiated the NV center with a 532-nm
laser of 0.4 mW during forward and reverse current
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injection, and the forward bias current was 0.5 maA.
Without reverse bias, the fluorescence increase rate (NV°
to NV7) was 0.11 us*'; moreover, we also observed an
increase in the rate with reverse bias. The saturated
maximum rate was 0.29 us~!, which is close to the rate
of the optical change at 0.4 mW (see the Appendix). This
result supports the interpretation that the slower change
in fluorescence is due to the storage of the minority carriers
or trapped carriers. The fast recovery in the p-i-n
device by optical irradiation and the application of reverse
bias voltage is important when considering the fast control
of the charge states. Note that the reverse bias does not
change the charge from NV° to NV~ in the dark after
injecting the current.

C. Nondestructive single-shot charge-state detection
of individual NV centers

We demonstrate that current injection not only changes
the dynamic steady state but also the NV center charge
state in the dark. Therefore, we quantitatively estimate the
population of NV~ via single-shot charge-state detection
[29,35,37]. In this measurement, the low-power 593-nm
laser illumination (about 1 W) allows the direct and
nondestructive observation of the NV charge state. The
fluorescence time trace of single NV under such continuous
illumination is shown in Fig. 4(a). Abrupt increases
between high and low count rates (NV~ and NV,
respectively) are observed. By appropriately choosing
the power and duration of the single laser pulse
(593 nm), the number of fluorescence photons in this pulse
allows the single-shot determination of the charge state.
The histogram of the measurements shows two Poisson
distributions corresponding to the fluorescence of NV
and NV~. From the fitting of these two distributions with
variable weights or areas, the ratio of this area yields the
NV~ and NV° population. We repeated the single-shot
charge-state measurements 2,000 times to obtain each
histogram shown in Fig. 4.

We analyzed the action of a green laser pulse (532 nm),
which is long enough to attain the dynamic steady state.
After the laser is switched off, the charge state is measured
using the 593-nm laser pulse. We obtained a population
ratio of pegnv—: Pegnvo = 0.514:0.486, as shown in
Fig. 4(b). This ratio is slightly lower than the reported value
(Peghv—: Pegnvo = 0.75:0.25) for a green laser (532 nm)
[29]. We attribute the lower ratio to the carriers in the highly
boron-doped p-type diamond in our samples. We confirmed
that the ratio of pegnv-—: Pegnvo 18 0.735:0.265 in intrinsic
diamond samples without a p-type diamond substrate (see
the Appendix).

We calculated the readout fidelity from the area of the
photon-count histogram, except for the overlap of the two
Poisson distributions in Fig. 4(b). The calculated area is
92.7% + 0.93%. The readout fidelity can be used to
determine the charge state of the NV after one single-shot
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FIG. 4. (a) Time trace of the fluorescence of a single NV under

continuous illumination with 593-nm and 1-yW laser light,
showing the abrupt jumps between the two distinct states of
NV: one with high (NV™) and one with low count rates (NV?).
(b) Histogram of photon counts during the 593-nm measurement
pulse (1 W for 25 ms) after illuminating the NV with a 532-nm
and 100-uW laser light for 20 ms. Two solid black curves are
obtained by curve fitting the Poisson distribution. The red solid
curve is their sum. The blue line is the threshold that can be used
to determine the charge state with one single-shot charge-state
measurement. (c¢) Histogram of photon counts for the 593-nm
measurement pulse, after illuminating the NV with a 532-nm and
0.1-mA current injection. The waiting time between the injected
current and detection laser pulse (593 nm) is set at 10 ms. (d)
Histogram of photon counts with the same pulse sequence as (c),
but the waiting time is set at 0.45 s. In Figs. 4(b)-4(d), we
repeated the single-shot charge-state measurements 2,000 times
to compile the histograms.

measurement to set the readout threshold at the intersection
point of the two Poisson distributions.

D. Deterministic purely electrical charge-state
switching of individual NV centers

We investigated the NV charge state after application of
the bare current injection (i.e., in the dark without simulta-
neous 532-nm illumination). The Poisson distribution peak
of NV~ completely disappeared after the 0.1-mA current
[Fig. 4(c)], which shows the deterministic electrical charge-
state control in the dark. We obtained the same results at
the current range of 0.1-0.4 mA. We repeated the current
injections and single-shot charge-state measurements
2,000 times. Figures 4(c) and 4(d) show 100% fidelity
for the charge-state initialization.

Finally, the stability of NV° in the dark and after the
release of the bias voltage is investigated. The waiting time
between the injected current and the detection laser pulse
(593 nm) is increased. The histogram of the charge-state
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population remains unchanged even after 0.45 s, as shown
in Fig. 4(d); thus, NV? is stable for more than 0.45 s. Note
that the measurement time is limited to 0.45 s by the
equipment and not by the NV center.

The signatures tentatively attributed to NV* (lack of
fluorescence) [26] were not observed in our sample. The
lack of fluorescence was observed in the hydrogenated
surface shallow p-type region. Thus, it is considered that
the Fermi level at the NV center in our sample is not low
enough to change to NV*.

II1. DISCUSSION

Our measurements demonstrate that the single NV center
maintains the NV charge state for more than 0.45 s in the
dark after current injection. To estimate the maximum
storage time, we compare the NV center with a P1 center,
which is the nitrogen donor in the substitution position in
the diamond lattice. The positively charged state after the
optical change from the neutral state was sustained for
longer than 12 h [38]. The ionization energy level of the NV
center from the valence band is estimated at around 3.0 eV
[29,39,40] and is much larger than the donor level of the P1
center (1.7 + 0.4 eV) [40]. The NV? charge state is possibly
more stable than the P1 center and, in principle, can maintain
its charge state longer than 12 h in the dark, which is
interesting for single-electron memory [41]. For the charg-
ing time, a single hole carrier could be charged into a NV~
center within 1.39 £ 0.20 us, which is faster compared to
previous studies on single-charge memory [41].

In our experiments, we obtained the maximum rate for
electrical control from NV~ to NV? of 420, = 0.72 &
0.10(us™'). The recovery rate to the equilibrium charge
state of NV~ by optical control and the application of
reverse bias voltage was estimated at 0.29 us~!. These
values are important for creating quantum memories with
lifetimes of seconds at room temperature [6]. Therefore,
electron and nuclear spins need to be decoupled, which
can be achieved by switching the hyperfine interaction
(A;; = 2.66 kHz) with a much faster rate than the
interaction itself (e.g., by charge-state switching [6]).
Our rates are more than 250 and 100 times higher than
the hyperfine interaction; therefore, they might allow for
purely electrical decoupling without the detrimental laser
heating of the sample.

In the p-i-n diamond diode used in this study, the
hole is the majority carrier. By introducing the highly
phosphorous-doped n-type layer, electrons can be injected
as the majority carrier and an electrically induced change
from NV? to NV~ can be expected. In diamond Schottky-
pn diodes, a switching time of nanoseconds has already
been realized [34]. This switching time is much faster than
the optical control rate, which is estimated to be 1.5 MHz at
10 mW. The improvement on the rates by electrical control
to the tens of MHz ~ GHz level may be achieved by using
Schottky-diode structures. They can also be used for distant

nuclear spins and close nuclear spins, and can potentially
make 7', longer than 1 h.

IV. CONCLUSION

We report the electrical control of a single NV~ center by
using a diamond diode for the first time. We manipulated
the single NV~ charge state on a solid-state device and
investigated the charge-state dynamics of a single NV
center by a nondestructive single-shot readout of the
charge-state and time-resolved measurements. The fast
and deterministic electrical control from the NV~ to
NVO was demonstrated. Furthermore, we showed that
the NV? state in the dark is very stable after the release
of the bias voltage, and the recovery to NV~ by optical
control was enhanced by applying reverse bias voltage. The
electrical manipulation of the charge state between single
NV~ and NV? will provide an important tool for using a
single NV center for diamond-based spintronics and
sensing applications by combining the spin properties
of NV centers and the electrical control of qubits.
Furthermore, by introducing the highly phosphorous-doped
n-type layer, the electrons can be injected as majority
carriers, and the electrically induced change from NV? to
NV~ can be expected. These advances open the way for
spins, qubits, and photon interface using fully controlled
single atomic defects on devices at room temperature.
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APPENDIX

1. Rate equations

The charge-state dynamics of NV~ and NV can be
described by the following rate equations:

NV~ -0 20 - -
(I?NV ):< " 0_)'<pNV ):K(pNV > (AD)
Pnvo A=A Pnve Pnvo
Here, pny- and pyyo are the populations of NV~ and NV©,
respectively, where A0 and A%~ are the charge-state
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transition rates from NV~ to NV? and from NV? to NV—,
respectively. K represents the rate matrix.

At the charge-state equilibrium, pyny- = pyyo =0 is
satisfied. Hence, the following relation from Eq. (A1) can
be derived:

ﬂ_opeqNV’ = j'O_peqNVO : (A2)

Here, pegny- and pegnyo are the equilibrium populations
of NV~ and NV, respectively. In this case, the following
relationship must be satisfied:

PeqNv- + Pegnvo = I. (A3)
Using these terms, the relations between equilibrium
populations and rates are given as

20—

PeaNv- = 75 0= (A4)
/1—0

PegNve = 700 (AS5)

Note that these equilibrium populations do not depend on
the initial condition.

To solve the rate equation (Al), the solution can be
written as

pav- (1) = ajexp(4it) + a, exp(Art)

prvo(t) = byexp(Ai1) + by exp(da1). (A6)

Here, the eigenvalues of K are given by 1; =0 and
Ay = —(A79 4 297). Therefore, both pyy-(2) and pyyo(t)
can be written as

prv- (1) = ay + az exp[—(A70 4 2°7)1]

Pavo (1) = by + by exp[—(A70 + 297)1]. (A7)
Here, a; and b, are equal to the equilibrium populations
Pegnv- and pegnyo. Importantly, a; and b, are obtained
from the initial conditions. Therefore, using an initial
conditions pyy-(0) =1, pxyo(0) =0, these constants
would be

0= A0
aj+a,=1 or a=1 00 :;;0+,107 (A8)
10

From this, we can obtain the solution of the rate equations:

20~ 270 0 0
PNv- (t) :l,0+10,+/170+/10,exp{_(/17 +4 7)1‘]
A0 A0
Py (1) exp[—(A0+29)1. (A10)

T 0 00

Using Eq. (AS5), we can obtain 1~ by

A0 = peguve - (A0 +207) = peguwo A (ALD)
Here, the total rate A can be attained to fit the experimental
results using Eq. (A10). The equilibrium population of
NVO(pegnye) can be measured by the difference of fluo-
rescence intensity between NV~ and NV°.

2. Synthesis of p-i-n diamond

Intrinsic (i) and phosphorous (P)-doped n-type layers
were independently grown by microwave-plasma-
enhanced chemical vapor deposition using a mixture of
CH, and H, gas on high-pressure and high-temperature
synthetic IIb-type (001) single-crystalline diamond with a
misorientation angle of approximately 1°. The input micro-
wave power and CH,/H, ratio in i- and n-type films were
set to 4200 W and 750 W and 4.0% and 0.4%, respectively.
The gas pressures were 170 torr and 25 torr for the i- and
n-type films, respectively. The substrate temperatures were
maintained constant at 850 °C and 900 °C for i- and n-type
films, respectively. In the IIb-type substrate, boron (B)
was intentionally doped at a concentration of around
10" cm™3. The Hall mobility was measured to be around
10 cm?/V - s. For the i-layer, O, was added in the feed gas
with an O,/CH,4 ratio of 2.5% to reduce the contamination
by B and other impurity atoms. In the i-layer, the concen-
tration of color centers was reduced to below 0.1 ppb
(1 x 10'3 cm™). For the n-type layer, PH; diluted with H,
was used for P doping. The typical doping concentration of
P was around 10'® cm~3, with a PH;/CH, ratio of 5% and
a Hall mobility of around 150 cm?/V - s. The thicknesses
of the IIb substrate, i-layer, and n-type layer were 0.5 mm,
10 ym, and 0.5 um, respectively.

After growth, mesa structures with diameters of 220 ym
were fabricated by conventional photolithography and
inductively coupled plasma (ICP) etching. Nitrogen (N)
was subsequently implanted because the i-layer without
such implantation is too pure to detect native NV centers
(concentration of the NV centers is reduced to
1 x 107 cm™3). Hence, N was ion implanted at a depth
of 300 nm, with a density of 1 x 10? atom/cm?, and a
kinetic energy of 180 keV. Subsequent annealing at 800 °C
for 1 h produced the desired NV centers. The p-i-n junction
layers were kept in a mixture of H,SO, and HNO; at
200°C for 60 min to remove any residual surface con-
tamination and terminate surface oxygen atoms. Following
this, Ti(30 nm)/Pt(100 nm)/Au(200 nm) electrodes with
diameters of 200 ymor 1.5 mm x 1.5 mm were formed on
the n-type layer and IIb-type substrate, respectively. The
electrodes on the n-type layer were connected with Au
wires, and the p-type film electrode was attached to a Cu
plate. Surface hydrogenation was carried out by irradiation
with H, radicals for 10 min at 4 kPa using a hot filament
system. The flow of high-purity H, (9 grade) gas was set to
400 sccm. The sample temperature was maintained below
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550 °C during hydrogenation. Oxidation was carried out by
ICP etching in the presence of oxygen gas. The sample was
annealed at 420°C for 30 min in an Ar environment.
Finally, all electrical properties were measured in vacuum
at room temperature.

3. Experimental setup

A programmable pulse generator was used to generate
current pulses. Gold wires were connected to both the top
and bottom electrodes. Charge-state manipulation was
carried out on single NV centers within the i-layer near
the edge of a mesa structure. The p-i-n diamond exhibited
an ideal diode characteristic with a rectification ratio of
about 1 x 10" at +30 V. A homebuilt confocal micro-
scope was used to observe the single NV centers. All
experiments were conducted under ambient conditions at
room temperature.

4. Charge-state population of undoped sample

We performed charge-state population measurements
with a weak orange (593-nm) laser on an undoped diamond
sample. The measurement sequence and histogram of the
photon count are shown in Fig. 5. In this measurement, the
populations of NV® and NV~ were 26.5% and 73.5%,
respectively. These values are in good agreement with those
in a previous report [29].

5. Measurement of charge-state dynamics

When conducting real-time observations of the charge-
state changes, we were able to obtain a sufficient number of
photons (100 k count/s) during the charge-state manipu-
lation. In contrast, to investigate the dynamics of charge-
state transitions, it was necessary to perform shorter
timescale measurements, where the length of the total
pulse sequence was about 100 us. However, we could
obtain only 10 photons from a NV center for such a pulse
sequence. To collect sufficient photons to derive transition

0.07

0 -
00eINV:26.5% NV:73.5%
: A
0.05 1 [_ i
> .
£
5 004— x_
©
S 0.034 v
E -
0.02 4 |
0.01- \
0 ,.,.,.M—.——.—.—.—r
0 10 20 30
Photon count (/20ms)
FIG. 5. Charge-state population of the undoped sample.

rates and charge-state populations with high accuracy,
we performed photon-accumulation measurements, which
consisted of about 1 x 10° cycles of pulse sequences.
In this measurement, a P7887 (FAST ComTec) counting
board was employed, featuring a high-speed count rate of
4 GHz and a time resolution of 250 ps.

6. Estimation of p nyo

It was not possible to directly measure pe\yo from the
experimental data, as the laser (A = 532 nm) was contin-
uously irradiated, preventing the omission of the laser effect
on charge-state population. Therefore, we derived peqnyo
from the change of photon count as the charge-state
population shifted. The measurements corresponding to
this estimation are shown in Fig. 2(c), where the change of
photon count is represented as the “depth of the dip.”

Initially, we measured the relationship between the depth
of the dip and charge-state population. A sequence of
measurements and results are presented in Fig. 6, where the
current (0.4 mA) and laser pulses (0.3 mW) were separated.
Under our experimental conditions, we obtained a 61.5%
increase in photon count as the maximum depth after
irradiation. This corresponds to a charge-state change from
NV? to NV~. Moreover, from the charge-state population
measurements [Figs. 4(b) and 4(c)], it was evident that the
population of NV had increased from 48.6% to 100.0%
(postcurrent injection). By combining the data collected
from measurements in Fig. 2(c), the 61.5% change of
photon count corresponded to a 51.4% (100.0%—48.6%)
shift of NV population. Thus, from the population
detected [Fig. 2(¢)], pegnyo could be estimated as follows:

0.514
Pegnve = 0.486 + ——— - Depth of the dip.

0.615 (Al2)

Note that the rise time of the laser pulse is limited by that of
the acousto-optic modulator of 9 ns, which is sufficiently
rapid compared to the charge-state transition.

Current

100 ps

© o o o = =
N D~ OO 0 ON
1 1 1 1 1 1

o

Photon count (arb. units)

0 '2IO'4I0'60
Time (us)

FIG. 6. Laser-induced charge-state transition from NV? to NV~.
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FIG. 7. Distance dependence of the charge-state change in

current from NV~ to NV,

7. Distance dependence of charge-state change

Several single NV centers were measured, which were
at different distances from the edge of a mesa structure.
Depending on the distance examined, specific currents were
required to alter the charge state. Figure 7 shows the distance
dependence of a charge-state change from NV~ to NV as a
function of the measured current. Note that the experiment
was performed near additional mesa, as discussed in the main
text. In this test, we measured the currents that generated
the same pqnyo for all NV centers at different distances. The
results displayed an apparent distance dependence of the
current, relating to the number of carriers (holes). In a
previous study, we discussed carrier concentrations at the
NV center in an i-layer [7]. In this case, the electric field
decreased with a factor of approximately sin(«), where « is
the angle depth (300 nm)/distance. For small @, an almost
linear dependence on the electric field (carrier concentration)
can be expected. This rationale can be used to describe the
approximately linear distance dependence of current change
for the charge states.

1.1

2
'c 1.0
>
£
S 0.9
€
=] Laser: 0.4 mW
8 0.8 Current (mA)
g 025
o i [ {1 Y
2074 § TR 0.3
— 0.4
T T T T T T
0 20 40 60
Time (us)

FIG. 8. Photon accumulation measurements of varying current

values below the 0.4-mW laser irradiation.

8. Repetitive photon accumulation

The repetitive photon accumulation data under varying
currents are shown in Figs. 8 and 9. For these measure-
ments, a current pulse of 40 us was applied under a fixed
laser power of 0.4 mW. In Fig. 8, we observe that the depth
of the dip increased with current. This implies that the
equilibrium population of NV increases with current.

Figure 9 shows the change in the total rate of equilib-
rium-state transition. The rate was determined as 1.18 &
0.27 (us~!') at 0.2 mA and increased to 1.54 & 0.32 (us™!)
at 0.4 mA. Meanwhile, the dip depth increased from 24%
to 30.2%.

£ bl
; :j W Tl i IW (’M i i

Time (us)

FIG. 9. Change in the total transition rate.

1.1 4

1.0 A

0.9 A

Reverse bias

Photon count (arb. units)

0.8 1 voltage (V)
— 40
— 5
0.7 N 0
. T T T
0 10 20
Time (us)

FIG. 10. Reverse bias voltage dependence on fluorescence
increase rate.
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FIG. 11. Plot of laser power dependence of fluorescence
increase rate.

9. Reverse bias and fluorescence increase rate

Figure 10 shows the dependence of fluorescence
increase rate under the influence of a reverse bias voltage.
The measurement was conducted using 0.4 mW laser
illumination, and the corresponding pulse sequence is
shown in Fig. 3.

When the reverse bias voltage was set to zero, the photon
count recovered after the forward bias voltage was switched
off (because of optical changes in the charge state), as
shown in Fig. 6. Once the reverse bias voltage was applied,
the fluorescence was observed to increase at a significantly
rapid rate, depending on the reverse bias voltage. The
resulting plot of voltage versus the fluorescence rate is
shown in Fig. 3(d), and further details of the observed trend
are discussed in the main text.

10. Laser power dependence of
fluorescence increase rate

A fluorescence increase of a NV, displayed in Fig. 6 only
contains optical-bidirectional rates. Laser power depend-
ence of fluorescence increase rate (reverse of the time
constant of fluorescence increase) is displayed in Fig. 11.
The data are fitted by the function f(I) = al + bl
affording the value of a = 0.893 £ 0.189/(us- mW)
and b = 0.319 £ 0.109/(us - mW?).
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