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ABSTRACT

The realization of electroluminescence (EL) of negatively charged nitrogen vacancy (NV ™) centers is important toward all-electrical control
of diamond quantum devices. In this study, we demonstrated electrical excitation and detection of EL of single NV centers by using lateral
diamond pT-i(n~)-n* diodes. It had been grown by homoepitaxy using the plasma enhanced chemical vapor deposition technique. We
introduced a lightly phosphorus doped i(n") layer to stabilize the negative state of NV centers. It was estimated that the efficiency of the elec-
trical excitation rate of the NV center was more than 30 times enhanced by introducing lateral diamond p*-i(n~)-n" diodes structure com-
pared with the previous vertical diode. Furthermore, the EL of a single NV~ center embedded in the i(n™) layer region was characterized.
The results show that the charge state of the single NV centers can be manipulated by the voltage applied to the p*-i(n~)-n" diode, where
the emission of EL is increasingly dominated by NV~ in the range of 30 to 50 V.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0138050

Negatively charged nitrogen vacancy (NV ™) centers are expected
to be useful for various quantum devices."” Because NV~ centers have
a long coherence time at room temperature,” * they are expected to be
useful for quantum sensing, quantum networks,” '’ quantum infor-
mation processing,”* and so on. Especially in recent years, there has
been much research on quantum sensing. For example, magnetocar-
diography of living rats,'” electrical field sensing in diamond devices,'®
temperature sensing of living cells,'” and pH sensors'® have been pro-
posed. A prototype of a handheld magnetometer using NV centers
was developed."” One of the advantages of NV centers is initialization
and readout of the electron spin state by laser irradiation. On the other
hand, objective lenses, excitation lasers, photodetectors, etc., prevent
the integration of quantum devices. Electrical excitation and read-
out™” ** without an optical system were required for the integration of
quantum sensor, quantum register, quantum repeater, and any quan-
tum devices.

Previously, research works on electrical excitation of single NV
centers and silicon-vacancy center ensembles by using a pin diode
were reported.”* *° In the previous report, electroluminescence (EL) of
a single NV center by using a vertical p™—i-n™ diode was achieved.”*
We grew the i layer and phosphorus doped n type layer by the plasma
enhanced chemical vapor deposition (PECVD) method on (001) high-
pressure high-temperature (HPHT) IIb p type substrate. From EL
spectrum and photon-antibunching measurements, electrical excita-
tion of a single NV° center was achieved. Lohrmann et al. reported EL
of a single NV center by using a lateral pin diode.”” They implanted
phosphorus and boron ions into (001) diamond grown by plasma
enhanced chemical vapor deposition (PECVD) technique and demon-
strated EL of a single NV center. With implantation technology for
the doping of diamond, in general, it is known that various non-
intended defects are formed, preventing the production of n-type dia-
mond characterized by Hall measurement. A technologically relevant
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device that emits EL from negatively charged single NV centers is,
therefore, still missing.

Electrical excitation of NV centers is required for the integration
of quantum devices. Over the past decade, various stabilization meth-
ods have been proposed. One of the approaches was charge state con-
trol of NV centers by using a PIN or Schottky diode.””" The charge
state of NV~ centers can be excitation stabilized by applying a reverse
bias voltage. In another approach, the charge state of NV~ centers can
be stabilized by controlling the Fermi level using a phosphorus doped
n type layer” or i layer in a negative-intrinsic-negative structure.”’
Especially for the n type layer, over 99% of the NV center charge state
was negatively stabilized.”” Furthermore, phosphorus doping has a
positive effect of prolonging spin coherence times at appropriate
concentrations.”

In this paper, we report the use of a lateral p*-i(n~)-n" diode
arrangement with a lightly phosphorus doped i(n™) layer to stabilize
the negative charge state of NV centers and heavily phosphorus doped
n* contact for higher electron injection. A series of p™~i(n")-n"*
structures have been prepared to optimize diode properties with
respect to quantum applications. The detection of EL spectra was max-
imized in these lateral p™—i(n")-n" diodes as the shading effects due
to contacts could be prevented, and additional luminescence from the
n* layer could be minimized.

A top view of a lateral p*~i(n”)-n" diode measured by optical
microscope is shown in Fig. 1(a), and a cross-sectional view of the
diode is shown in Fig. 1(b). The intrinsic layer was grown on (111) Ib
HPHT substrate by using the PECVD method. The i(n™) layer was
lightly doped with phosphorus (P concentration: 10'®cm ™) to stabi-
lize the charge state of NV~ centers. Boron doped p* (B concentra-
tion: 10°°cm ) and phosphorus doped n* (P concentration:
10%° cm ) layers were selectively grown on the i(n~) layer by PECVD
through patterned metal mask, which were formed by photolithogra-
phy and the liftoff process. The respective thicknesses of the p™ and
n* layers were several hundred nm. The width between the p* and n*
layers was ~7 um. NV centers were created by using nitrogen (N) ion
implantation techniques. '*N ion was implanted to the whole of the
sample with the energy of 350keV at 600°C. Ion fluence was
5x 10%cm™ 2. Implantation depth was calculated to be 340nm by

Stopping and Range Ton in Matter (SRIM).”" After ion implantation,
annealing was performed at 850 °C for 30 min in Ar to diffuse vacan-
cies and create NV centers. After annealing, boiled acid mixture treat-
ment (H,SO, and HNO;) was performed to terminate the surface
with oxygen. Electrodes (Ti/Pt/Au) were created on both the p* and
n" layers. NV centers were observed by using a confocal laser scan-
ning fluorescence microscope (CFM). The excitation laser was a
532 nm diode pumped solid state laser. The laser was irradiated via an
oil immersion objective lens (numerical aperture: 1.42 and magnifica-
tion: 60x). Photoluminescence (PL) and EL of NV centers were cor-
rected by an avalanche photodiode and spectrometer through a 30 um
diameter pinhole and long-pass filter (LPF).

Figure 1(d) shows the current-voltage (I-V) curve of the fabri-
cated lateral p™—i(n")-n" diode. The I-V curve was obtained by using
a semiconductor parameter analyzer (Keithley 4200A). The measure-
ment was performed under the same conditions as EL measurement,
and a voltage was applied via gold wire in the atmosphere with immer-
sion oil. Rectification characteristics over four orders of magnitude
were observed. Leakage current was suppressed in vacuum, and a
higher rectification characteristic over seven orders of magnitude was
observed. The typical threshold voltage of a diamond p*-i(n~)-n™
diode, between 4 and 5V, was observed. Typical diode characteristics
were obtained by I-V measurement.

Figure 2 shows CFM maps [(a) and (b)] and luminescence spec-
tra [(c) and (d)]. In PL CEM map [Fig. 2(a)], luminescence of NV cen-
ters was detected via 633 nm LPF to suppress the excitation laser light
and Raman scattering of diamond. The PL spectrum and all EL mea-
surements [Figs. 2(b)-2(d)] were obtained by using 561 nm LPF.
These EL measurements were performed under an applied forward
bias of 30 V and laser-off. The current was 0.4 mA in this condition.
Figures 2(a) and 2(b) show PL and EL CEM maps for the same region.
The upper, middle, and lower regions in these figures show the p*
layer, i(n~) layer, and n™ layer, respectively. As shown in these figures,
isolated luminescence centers were observed at the pJr and i(n")
layers. In both PL and EL at the n* region, bright luminescence was
observed.

Figures 2(c) and 2(d) show PL and EL spectra of luminescence
centers in the i(n") layer. The luminescence spectrum at the
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FIG. 1. (a) Optical microscope image of lateral p*—i(n~)-n" diodes in PECVD diamond. (b) Magnified optical microscope image of the lateral p*—i(n~)-n" diode used in this
study. (c) Cross-sectional image of lateral p™i(n~)-n" diode. (d) |-V measurement result of lateral p—i(n~)-n" diode.
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FIG. 2. (a) PL CFM map. (b) EL CFM map. Applied forward bias was 30V, and current was 0.4 mA. Broken circles “NV1” and “NV2" indicated the single NV centers analyzed
in Figs. 3 and 4, respectively. (c) PL spectrum of a single NV center in the i(n ™) layer. (d) EL spectrum of a single NV center in the i(n~) layer.

background position, which measured several micrometers distant
from the NV center in the horizontal direction, was subtracted from
both the PL and EL spectra. As shown in Fig. 2(c), because zero-
phonon line (ZPL) at 637 nm and the typical phonon sidebands of the
NV~ center were observed,” the origin of the luminescence center
was assigned to the NV center. Figure 2(d) shows the EL spectrum of
luminescence centers. As seen from this spectrum, the luminescence
spectrum originated from the NV° center because ZPL at 575 nm and
the typical phonon sidebands of the NV center were observed.

Figures 3(a) and 3(b) show PL and EL photon-antibunching of
NV centers. The solid gray line and solid black line represent the back-
ground corrected autocorrelation function g'?(t) and fitting curve,
respectively.”” As shown in Fig. 3(a), typical photon-antibunching of
NV centers was obtained. We used a three-level model fitting func-
tion, g(z)(r) =1 — (1+4ay) exp(—|t|/t1) + a, exp(—|t|/72), where a,
and a, are contrasts, 7; is the lifetime from the first excited triplet state
to the ground triplet state, and 7, is the lifetime of the singlet shelving
state in the three levels model.”” They were estimated to be 7, = 7.7
+0.1 ns and 7, = 229.3 = 1.6 ns, which were typical values for NV~
centers.”’ Because g®(0) < 0.5, we conclude that the PL originated
from the single NV center.

Figure 3(b) shows EL antibunching from NV centers. In the pre-
vious research,” it was revealed that the generation of electrolumines-
cence of the NV center follows fundamentally different kinetics than

photoluminescence with intra-bandgap excitation. The differences
appear in the slow decay of g®(t) and the decay shape of g(t) close
to T = 0, as shown in Fig. 3(b). We used the three-level model fitting
function, g(z)(r) =1+ a3 exp(4||)+ a4 exp(y|t|), where a5 and a, are
contrasts. The parameters of 4 and y were derived by solving a rate
equation with the rates among the three levels in previous research as
shown in Fig. 3(c).”* Schematic diagram of the dynamics was shown
in Fig. 3(c). Levels 1, 2, and 3 were corresponding to ground state,
excited state, and electrical pumping state of NV center. The rates
among the states of ki3, k3,, and k,; are taken into account in the anal-
ysis, and these are depicted in Fig. 3(c). It should be noted that k5 is
the electrical excitation rate from state 1 to state 3, and 1/k,; is the life-
time of the NV, Similar to the previous research,’ 1/k,; = 13.2ns and
1/ks; = 266 ns were used and kept constant for the simulation of
g(z)(r). The simulated g(z)(r) with an adjustable parameter k;; and
constants of ky; and ks, were fitted well to the experimental data. The
EL originated from a single NV center because g?(0)<0.5.
Therefore, we conclude that EL of a single NV center is demonstrated
bgf using the lateral p*—i(n")-n" diode fabricated in this study. The
g'?(0) was estimated to be 0.02, so fluorescence intensity other than
the single NV center is very small in our measurement after subtract-
ing the background.

The electrical excitation rate k;3 was estimated to be 0.045ns™
from the well reproduced g(z)(‘c) in Fig. 3(b). It was revealed that the

1
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FIG. 3. (a) PL antibunching. The solid gray line and solid black line represent raw data and fitting curve, respectively. (b) EL antibunching. The solid gray line and solid black
line represent raw data and fitting curve, respectively. The downside of (b) shows magnified EL antibunching between —200 and 200 ns. (c) Schematic diagram of dynamics of
electroluminescence. Levels 1, 2, and 3 were corresponding to ground state, excited state, and electrical pumping state of NV° center, respectively. ks, ko, and kp; were tran-

sition rate among each state.

k13 depends almost linearly on the amount of the injected current, and
the larger the current, the faster the rate, as shown previously.” By
comparing ky3, the rate of 0.045ns™' with the injected current of
04mA in the present study almost corresponds to that with the
injected current of 12.4 mA in the previous research. This indicates that
the electrical excitation of the NV center is about 31 times more effi-
cient than the previous one by introducing the lateral structure in the
present study. It should be noted that the current values shown in this
study and previous experiments were the total amount of current flow-
ing the p™—i(n~)-n" diode, and local current around the observed NV
center contributes to the electrical excitation. For a more detailed dis-
cussion of the electrical excitation efficiency, it was necessary to con-
sider the current inhomogeneity depending on local electric field and
the excitation location between the p* layer side and the n™ layer side.
Next, we evaluated the voltage dependence of the EL spectrum
from the single NV center. We measured the EL spectrum by changing
the applied forward bias to 10, 30, and 50 V, at which voltages the cur-
rent was 0.06, 0.4, and 0.8 mA, respectively. ZPL of the NV center
(575 nm) was observed in all spectra. Luminescence without NV cen-
ters was not included in these spectra because the observed NV centers
were shown to be single one by EL photon-antibunching measure-
ment. It is known that the charge state of NV centers can stochastically
change during laser irradiations.” It is considered that the origin of
the luminescence from these EL spectra was the NV° center or NV~
center. To estimate the amount of luminescence other than the NV°
center, the NV° component was subtracted from each spectrum. The
amount of the NV® component for subtraction was normalized at the
ZPL intensity of the NV center. The subtracted spectrum is considered

to be the difference of the NV~ component in each spectrum for the
different applied voltages. Figure 4(a) shows normalized EL spectra
with an applied forward bias of 10V, 30V, and subtracted spectra,
which are denoted by S;ov, Ssov> and ASsgy, 1oy respectively. The solid
green line, solid light blue line, and solid red line corresponded to Sqy,
Sso0v> and ASsgy 10y, respectively. As shown by AS;gy 1oy, @ clear lumi-
nescence peak was not observed. It indicates that the EL from the NV
center did not differ when the applied forward bias was changed from
10 to 30 V. Figure 4(b) shows normalized EL spectra when the applied
forward bias was 30 V, 50 V, and subtracted spectra, which are denoted
by Ssov> Ssov» and ASsgy 3oy, respectively. The EL spectrum at 30 V in
this figure was the same data as Sspy in Fig. 4(a). The solid light blue
line, solid blue line, and solid red line corresponded to S;gy, Ssov, and
ASsov 30y, respectively. As shown in ASseyv 3oy, broad luminescence
was observed. Yellow solid line shows typical photoluminescence spec-
trum of single NV center. The subtracted spectrum of ASsqy 30y Was
in good agreement with the spectrum of the NV center, so it is con-
sidered that this luminescence corresponded to the NV~ component.
Therefore, the NV~ component differed depending on the applied for-
ward bias. The NV~ component increased as the applied forward bias
was increased from 30 to 50 V. We conclude that EL from NV centers
was observed by using the lateral p*—i(n~)-n" diode.

One of the reasons why EL of NV centers was observed in this
study was considered to be the charge stabilization effect of the lightly
phosphorus doped i(n ™) layer. As noted earlier, it is well known that the
charge state of NV centers in the i(n") layer is negatively stabilized. In
the previous study, the i layer was not intentionally doped with any impu-
rities, which probably made the Fermi level deep.”* On the other hand,
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FIG. 4. (a) EL spectra with applied forward bias of 10V, 30V, and subtraction of these spectra, denoted by Siov, Ssov, and ASsoy10v, respectively. The solid orange line, solid
green line, and solid red line correspond to S1qy, Saov and ASsov.10v, respectively. (b) EL spectra with applied forward bias of 30V, 50 V, and subtraction of these spectra. The
EL spectrum at 50 V and subtracted spectrum are denoted by Ssoy and ASsqy 30w, respectively. The EL spectrum at 30V in this figure was the same data as Szoy in (a). The
solid green line, solid blue line, and solid red line correspond to Ssov, Ssov, and ASsoy, 30y, respectively.

the charge state of NV~ centers was stabilized by using the i(n ") layer
in this study. We confirmed that the NV~ component increased as the
applied forward bias was increased from 30 to 50 V. This result suggests
that the charge state of NV centers was negatively stabilized because
electron injection around NV centers increased with increasing forward
bias voltage. In this work, we demonstrated EL of NV~ centers by
focusing on a single NV center. Further electrical excitation of highly
dense NV centers is required in order to improve the sensitivity.

We examined the electrically stimulated emission of negatively
charged single NV centers incorporated in a lateral p*-i(n™)-n"
diode arrangement. This diode was fabricated by homoepitaxial
growth of diamond using the PECVD technique in combination with
gas phase doping to form p* and n™ layers. In addition, a lightly phos-
phorus doped i(n") layer was grown to stabilize the negative charge
state of the NV centers. Electrical excitation of NV centers could be
detected and analyzed by CFM mapping, luminescence spectroscopy,
and photon-antibunching measurements. The voltage-dependent EL
spectra were discussed and analyzed by correcting detailed spectra
with respect to effects arising from the neutral and negative charge
state of the NV centers. We found that the emission contains both
NV° and NV~ components, while the NV~ component can be
enhanced by optimizing the p*~i(n~)-n* diode structure and applied
voltage to increase electron injection.

This work was supported by the MEXT Quantum Leap Flagship
Program (MEXT Q-LEAP), under Grant No. JPMXS0118067395, the
Collaborative Research Program of Institute for Chemical Research,
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