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Color centers in diamond are promising systems for quantum technologies and nanophotonics as they
are photostable emitters at room and elevated temperatures. The possibility of their electrical excitation
has already been demonstrated within p-i-n diodes. However, this requires the growth of complex dia-
mond structures. In contrast to these conventional approaches, we demonstrate the emission from color
centers under electrical pumping in a Schottky diode configuration based on n-type diamond. Hydrogen
passivation allows the modification of the Schottky barrier height and improves the injection of minority

charge carriers needed for the electrical pumping, while electrons are provided by the n-type layer.
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I. INTRODUCTION

Among the fundamental building blocks of optical quan-
tum technologies, quantum-light sources play a crucial
role. So far, a wide range of light sources has been imple-
mented, such as atoms, trapped ions, molecules, color
centers in wide bandgap materials, and quantum dots [1—
10]. Each source offers advantages and disadvantages. For
instance, epitaxial quantum dots show atomlike emission
characteristics. However, their stable operation requires
cryogenic conditions and exhibits fluorescence fluctua-
tions. In contrast to this possibility, color centers in dia-
mond show stable emission properties at ambient and even
high temperatures [11]. It has been demonstrated that color
centers in diamond can produce photon emission rates that
can reach more than 10° counts per second (cps) per color
center under optical excitation [6].
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However, from a practical point of view, it is highly
desirable to control them under electrical excitation to
develop a scalable quantum photonic architecture [12,13].
Electrical excitation not only avoids the use of bulky
lasers but also provides the possibility to independently
manipulate the emitters at the same time within large-scale
integrated photonic circuits. However, the electrical excita-
tion of color centers in diamond is very challenging. First,
diamond is a unique material between semiconductors and
insulators that features a bandgap energy (£,) of 5.47 eV.
Therefore, it is extremely difficult to create a high den-
sity of free carriers, especially electrons, due to the high
activation energy of dopants [14,15]. Second, the com-
mon approach for the electrical excitation of color centers
in diamond is forward-biased p-i-n diodes that contain a
color center in the i-type region [ 16-20]. Electrons injected
from the n-type region and holes injected from the p-type
region recombine at the color center, which results in pho-
ton emission [21,22]. However, the fabrication of diamond
p-i-n diode is much more complicated than the fabrication
of such a structure based on conventional semiconductors
such as Si and GaAs. This is mainly due to the absence
of an efficient technique for creating regions with high
free carrier densities by ion implantation, which is used

Published by the American Physical Society
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in microelectronics for low-cost production of integrated
electronic circuits [23].

Here, we propose and experimentally demonstrate a fun-
damentally different approach for the electrical excitation
of color centers in diamond, which provides the possi-
bility to fabricate any number of independently operating
devices on a single chip and, therefore, to develop scal-
able photonic circuits. In contrast to the common methods
based on p-n and p-i-n structures, our approach is based on
a Schottky barrier diode on n-type diamond (phosphorus-
doped) [24]. The Schottky barrier height is modified by
hydrogen passivation of the diamond surface to improve
the injection of minority charge carriers (holes) needed for
the electrical pumping, while electrons are directly pro-
vided by n-type diamond. This dramatically simplifies the
fabrication and avoids complicated processes of structur-
ing and regrowing of diamond. Diodes of any size can be
created anywhere on a chip by performing appropriate met-
allization, which reduces the fabrication cost and leads to
unprecedented scalability. Our findings are also relevant
for obtaining an electrically pumped single-photon source.

II. DEVICE CONCEPT AND NUMERICAL
SIMULATIONS

Schottky diodes are known as majority carrier devices,
i.e., the density of one type of free charge carriers (elec-
trons and holes) is many orders of magnitude lower than
the density of the other type at any point of the device
at any bias voltage. Thus, the electron-hole recombination
rate at the color center should be zero in Schottky diodes,
which does not allow the efficient excitation of the color
centers electrically. Although it is still possible to observe
electroluminescence in such devices due to impact exci-
tation, it is less efficient and usually requires large bias
voltages of hundreds of volts [25,26]. Nevertheless, in the
1960s, it was theoretically shown that minority carriers
can be injected directly from the metal to the semicon-
ductor, if the Schottky barrier height (SBH) is comparable
with or higher than the bandgap of the semiconductor
[27]. The problem is that almost no material satisfies this
requirement [28] due to the surface states at the metal-
semiconductor interface, which pin the Fermi level [29]
and have a large influence on the achievable barrier height.

Recently, it has been theoretically predicted that hydro-
gen termination of the diamond surface could dramatically
reduce the density of surface states [30] and, therefore,
their influence on the barrier height vanishes. Since the
electron affinity of diamond is negative (down to x. =
—2.01 eV) [31], the SBH can almost be equal to or higher
than the bandgap energy of diamond, if the work function
of the metal is sufficiently high. In this work, we use gold
since it features one of the largest work functions (up to
®,, = 5.3 eV) [32]. The theory predicts the SBH between
gold and hydrogen-terminated n-type diamond, @, to be

higher than 4.95 eV [30]. Accordingly, the SBH for holes
®pp = E; — Pp.islessthan 0.5 eV. Such a low potential
barrier for holes gives the possibility to inject a significant
density of holes, which are minority carriers in n-type dia-
mond, directly from gold under high forward bias. Hence,
high densities of both electrons and holes can be created
near the Schottky contact, which can recombine at the
color center at a high rate and efficiently excite it. A band
structure of such a Schottky junction is shown in Fig. 1(a)
in thermal equilibrium (top) and under forward bias (bot-
tom). As electrons and holes are present in the vicinity of
a color center, they can pump it into an excited state from
which it can return to the ground state by the emission of a
photon [21].

Self-consistent numerical simulations of the pro-
posed structure have been performed using the software
Silvaco TCAD. For the simulation, a free-standing n-type
(phosphorus-doped) diamond film with a thickness (%)
of 2.2 um, a high donor concentration of 10'® cm=2, a
compensation ratio of 10%, and mobilities of u, = u, =
390 cm? V~!s~! were used to consider the high doping
level of the thin film [33]. On top of the diamond, an
ohmic and a Schottky contact are placed with a spacing
(d,) of 10 pm in between, which are defined as boundary
conditions at the edge of the simulation region. The simu-
lations show an effective injection of holes by thermionic
emission under large bias voltages. If the barrier height
for holes is smaller than 0.4 eV, the hole current can
even surpass the electron current. This can be seen as a
second step in the /V curves in Fig. 1(b). At room temper-
ature, the charge carrier capture is the limiting process of
the luminescence dynamics, with capture rates of ¢,n and
cyp less than 10° s™!. Here ¢, = 1.7 x 107® cm® s7! and
¢, = 3.9 x 1077 cm® s™! are the capture rate constants for
the electrons and holes, respectively. According to refer-
ences [21,22], the single-photon emission rates can then
be calculated from the charge carrier densities » and p for
electrons and holes, respectively, via

1 1\!
R=n< +—>. (1)

i Cpp

Here, n is the quantum efficiency of the respective color
center. Figures 1(c) and 1(d) show the single-photon
emission rates of a single-color center with unity quan-
tum efficiency (n = 1) for Schottky barrier heights for
holes of 0.1 and 1.0 eV at a forward bias voltage of
10 V, which leads to total current densities of j = 5.3
and 1.6 x 1072 A/cm?, respectively. Under these condi-
tions, the maximal emission rates of 150 kcps and 60 pcps
are expected from a single emitter with n = 1 located
near the Schottky junction for the different configurations.
While the maximal emission rate for a small barrier height
for holes [Fig. 1(c)] is comparable with optical excita-
tion rates [34], the maximum value for the large barrier
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FIG. 1. (a) Schematic energy diagram of a Schottky junction with a barrier height of 5.1 eV in equilibrium (top) and a forward bias
voltage of 4.5 V (bottom). The black lines show the valence (Ey) and conduction bands (£¢), while the red and blue dashed lines
show the positions of the quasi-Fermi levels for electrons (F),) and holes (£},), respectively. The blue and red arrows (bottom) show
the direction of the electron (j,) and hole current densities (j,). A small portion of the charge carriers are captured by color centers
(energy levels Ecc shown in green), which leads to the emission of a photon (orange). (b) Simulated current-voltage characteristics
for different Schottky barrier heights for holes, ®p ;. For @5 below 0.4 eV, an effective injection of holes can be seen as a step in the
IV curve at ~5 V. The inset shows the schematic of the simulated structure. The coordinate system is fixed to the edge of the ohmic
contact. More details can be found in the text. Single-photon emission rates [based on Eq. (1)] of an ideal single-color center with
100% quantum efficiency placed at different depths (y) and distances (x) close to a Schottky contact with a bias voltage of 10 V and
barrier heights for holes of (¢) 0.1 and (d) 1.0 eV. The position of the Schottky contacts is marked with the boxes above the color maps.

height [Fig. 1(d)] is much lower than typical dark counts  of 10! ¢cm™3. During the growth, a total flow rate of
and noise levels, and it makes the observation of single- 500 sccm and a pressure of 140 Torr were kept con-
photon emission at such large barrier heights practically  stant. The hydrogen (H,) rich plasma contained 0.15% of
impossible. Addltlonally, one must consider the quantum methane (CH4) For the inc()rporation OfphOSphOI'llS, phOS-
efficiencies of the color centers and the collection and  phine (PH3) was introduced into the plasma with a constant

detection efficiencies of the experimental setup, such that  ratio of PH; : CH,4 = 5000 ppm. The substrate temperature
less than 1% of the excitation results in a detected photon  was maintained at 1000 °C via a variation of the applied

during the experiment. microwave power between 1.0 and 1.3 kW. The H; and
CH, gasses are filtered to a purity of <1 ppb, while the
II1. SAMPLE PREPARATION PHj3 is obtained from a source diluted to 200 ppm in H,.

After a growth time of eight hours, an n-type layer with a

thickness of 2.2 4 0.2 pm was obtained. The sample thick-
A phosphorus-doped homoepitaxial diamond film was  ness was measured by a Mitutoyo Linear Gage (Model

grown on top of the surface of a (111)-oriented  542-158)[35].

2.5 mm x 2.5 mm x 0.5 mm type Ib high-pressure high-

temperature (HPHT) diamond substrate (Sumitomo) by

microwave plasma enhanced chemical vapor deposition Silicon ion implantation allowed us to create silicon-

(MW PE CVD) in a 2.45-GHz ASTeX PDS17 CVD reac-  vacancy (SiV) color centers and vacancies for nitrogen-

tor. The nitrogen content in the substrate is in the order  vacancy (NV) color centers. Thermal annealing enables

A. Diamond growth

B. Color center creation
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the activation of both centers. At first, the Si ions
were implanted in the first 200 nm of the n-type layer
by ion-beam implantation with different ion doses (i.e.,
5x 107, 10'2, 10", and 10" cm~2). The Si ion implan-
tation is based on a 3 MV Tandetron accelerator equipped
with an HVEE860 negative sputter ion source. Based on
the charge state and terminal voltage, the Si ion species
(Sit, Si**, and Si**) can be accelerated to energies up
to 10 MeV [36]. Two aluminum foils with a total thick-
ness of 4.6 um have been used to reduce the ion energy
to a few tens of kiloelectron volts to allow for the desired
shallow implantation. Utilizing a home-built furnace, the
sample was thermally annealed at a temperature of 1200 °C
for ~1 h under high-vacuum conditions (~10~7 mbar) to
enable the activation of the color centers. Besides the acti-
vation of the SiV color centers, the created vacancies also
recombine with the incorporated N atoms during thermal
annealing. This results in the formation of NV color centers
within the n-type diamond layer. Based on an optical mea-
surement using a known defect concentration of SiV color
centers, the concentration of NV color centers in the n-type
layer is assumed to be on the order of 10'® cm™3 (see Sup-
plemental Material) [37]. Details on the optical studies of
the color centers in the n-type sample can be found in a
previous publication [34].

C. Device fabrication

Before device fabrication, the sample was cleaned in
acetone and isopropanol at ~50 °C to remove organic con-
tamination from its surface. In the first fabrication step, a
lithographic mask was created on the cleaned diamond sur-
face, followed by thermal evaporation of titanium (16 nm)
and gold (150 nm). The contacts were structured by a
lift-off process such that a single pad was formed in the dif-
ferent implanted regions. Within these contact pads, holes

FIG. 2.

(b)

TABLE I. Process parameters of the hydrogen plasma treat-
ment.

Power  Temperature Pressure ~ H2 flowrate  Time
850 W 850°C 20-26 torr 400 sccm 45 min

with a diameter of 100 um and pitch of 125 pm were left
blank for the formation of the Schottky contacts.

Next, the sample was transferred to another CVD reactor
(ASTeX) for hydrogen plasma treatment of the diamond
surface. The conditions of the plasma treatment are listed
in Table I. The pressure was adjusted in the given bounds
to stabilize the temperature to 850 °C during the treatment
time.

After treatment, the sample was placed in the hydro-
gen atmosphere for ~2.5 h to cool to room tempera-
ture. This plasma treatment has two effects: first, the
ohmic contacts are thermally annealed by the formation of
titanium-carbide at these high temperatures and, second,
the diamond surface acquires a reduced electron affinity
via the hydrogen passivation [38] and, thus, a lowering of
the achievable barrier height for the holes. The recipe was
tested by the formation of a surface conductive layer on an
intrinsic diamond (see Supplemental Material) [37].

After cooling, the sample was removed from the CVD
reactor and transferred to a thermal evaporation chamber
for the deposition of the Schottky contact. For this, a 150-
nm-thick gold layer was deposited over the whole sample
without an additional adhesion layer, as the latter would
affect the properties of the Schottky junction.

For the patterning of the final devices, a complemen-
tary positive lithographic mask was aligned relative to the
ohmic contacts, which were visible beneath the gold layer.
The gold in the undesired regions was wet etched using
K, /I, solution (Micro chemicals) for 2 min. This resulted

_

@
o —"
3) S « €%

| © |

(a) Microscope image of a single diamond Schottky light emitting diode. The inner disk is the Schottky contact with a

diameter of 70 pm and the surrounding (rough) contact is a joint ohmic contact. (b) [llustration of the fabricated and probed diamond
Schottky light emitting diode and the measurement setup. The diode consists of (1) an ohmic contact (gold on titanium carbide), (2) the
n-type diamond layer, (3) the HPHT substrate, and (4) the Schottky contact (gold on the hydrogen-passivated diamond). The red and
white circles mark nitrogen atoms and vacancies in the different diamond layers, respectively. The sample is placed on (5) a Peltier
element for heating of the sample.
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in circular Schottky contacts with a diameter of 70 um sur-
rounded by a common ohmic contact with circular holes
with a diameter of 100 pm [Fig. 2(a)].

IV. EXPERIMENTAL SETUP

The electroluminescence measurements were performed
using a home-built p-photoluminescence optical setup.
The setup consists of a 532 nm, 5 mW laser diode (Thor-
labs) for optical excitation to localize the emitters for
electrical excitation. The large working distance micro-
scope objective (Zeiss LD C Epiplan-APOCHROMAT
50x, 0.6 NA) collects the emitted signal. A compromise
is made between a high numerical aperture for collection
and a large working distance to avoid contact between
the optics and the electrical probes. The collection optics,
together with the spectroscopic approach, limit the emis-
sion optical plane to the n-type region, which has a depth
of 2 pm (see Supplemental Material [37]). The collected
light is sent to a CMOS camera (Andor Zyla 4.2Plus) for
wide-field imaging and, using a flip mirror, it is also cou-
pled into a multimode fiber connected to a spectrometer
(OceanOptics Flame 2000).
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The diamond sample with fabricated devices on the sur-
face was placed on top of a home-built sample holder
with a Peltier heater, allowing for the thermal activation
of free electrons in the n-type layer by heating the sample
to 150 °C during the experiment. The Schottky and ohmic
contacts were connected to a source measure unit (Keith-
ley 2450) via two piezo micro probers (Imina Technologies
miBots), which enabled the addressing of all the devices
independently. Here, the cathode is placed on a joint ohmic
contact pad for different devices in one implanted region,
while the anode is positioned at the center of the Schottky
contact. Figure 2(b) shows a sketch of this approach.

V. RESULTS AND DISCUSSION

A. IV characteristics

A set of IV curves is recorded in the region implanted
with a Si dose of 10!> cm~? at temperatures in the range of
25-150 °C. The measurements show a clear diode behavior
with a highly temperature-dependent forward bias current
and a reverse current, which is mainly given by the parallel
currents through the measurement devices [Fig. 3(a)]. The
shift of the zero crossing of the current at lower voltages
is given by the discharge of an internal capacitor of the

_134 [—tog(s) = ~(581 = ) iksT+const ]
-14 1
~ =151
g
o ad
£ .1
_18 R
-19 +
0.0024 0.0026  0.0028 0.0030 0.0032 0.0034
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(a) Raw IV curves measured at different temperatures. The reverse bias current is dominated by the parallel current through

the measurement devices. (b) Natural logarithm of the on-conductance (S) as a function of inverse temperature. (c) IV curves corrected
for a parallel resistance of 22.9 G2. The black-dotted line is located at 3.75 V; at this voltage, the current is read for the calculation of
the barrier height. (d) Temperature dependence of the current over temperature squared as a function of inverse temperature. From the
slope, a barrier height for electrons of @z, = 4.48 £ 0.05 eV is determined.
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measuring device during the experiment. At a temperature
of 150 °C, a rectification ratio of ~1000 (maximal forward
current divided by maximal reverse current) is observed
with no sign of an electrical breakdown in the measured
voltage range. To characterize the temperature dependence
of the forward bias current, the on-state conductance is cal-
culated as the average slope of the /7 curve above 75 V.
The conductance (S) is plotted in Fig. 3(b) in a linearized
form by calculating the natural logarithm as a function
of the inverse temperature. A linear function is fitted to
this data, resulting in the slope of —581 £ 7 [meV]/kpT,
where kg is the Boltzmann constant and 7 is the temper-
ature, which essentially agrees with the activation energy
of phosphorus in n-type diamond [15]. The on-state resis-
tance reduces from ~220 M2 at room temperature down
to ~360 k2 at 150°C. As only direct current measure-
ments have been undertaken, the barrier height is estimated
from the temperature dependence of the thermionic emis-
sion current [39]. Here, the approximation of an ideal diode
behavior is made, resulting in a current dependence at
U=3.75V > kgT/q of

log (%) = const — 9(Pse ; 37;75 [V]), 2)
B

such that the barrier height can be calculated from the slope
obtained by a linear fit to the data obtained from Fig. 3(c)
(black-dotted line at 3.75 V). A barrier height for electrons
of ®p, = 4.48 £0.05 eV was determined, which corre-
sponds to a barrier height for holes of &, ~ E, — ®p, =
0.97 £ 0.05 eV. The value of the barrier height for elec-
trons is still close to the previous results of Suzuki et al.,
where constant values of 4.3 eV have been observed for
several metals due to Fermi level pinning by the surface
states [40]. This indicates that the removal of surface states
needs further improvement.

B. Electroluminescence studies

The large barrier height for holes does not allow for
the observation of bright luminescence from the color cen-
ters. The electroluminescence from ensembles of NV color
centers is visible even by the bare eye at elevated tempera-
tures and other electroluminescence signals due to the H3
color centers (also named NVN) that are detected even
at room temperature (see Supplemental Material [37]).
The signal of the SiV color centers is not distinguishable
from the phonon sidebands of the stronger N/ emission
in this sample. In higher silicon-implanted regions, the
typical zero-phonon line (ZPL) of the SiV color centers
is visible on top of the tail of other emission bands (see
Supplemental Material) [37].

Wide-field imaging of the electroluminescence signals
as a function of the applied voltage allows for the direct
spatial analysis of the emission characteristics across the
whole device. Figure 4(a) shows a wide-field image at an

applied voltage of 100 V at 150 °C. The image shows a
radially decaying intensity concentrated at the inner Schot-
tky contact, reaching peak values of ~63 000 counts with
an integration time of 0.5 s. The intensity at the positions
of the three white lines (x1, x2, and x3) in Fig. 4(a) is
averaged over 50 pixels for a smoothing of the data to
determine the onset voltage of the electroluminescence at
three different locations with increasing distance from the
Schottky contact. The determined intensities are plotted
in Fig. 4(b) as a function of the applied voltage (colored
lines), along with the current through the whole device
(black line). All the intensities show an onset at ~4 V,
indicated by the black-dotted line, which is defined by
crossing a stable signal above one count as a threshold.
At this point, one can also see that the [V curve starts to
behave with more ohmic characteristics, which indicates a
high voltage drop across the Schottky junction and large
band bending. At large applied bias voltages, drift currents
determine the local charge carrier densities proportional
to the voltage. This leads to an almost linear dependence
between the applied voltage and the measured electrolu-
minescence signals. As the diode exhibits ohmic behavior
in this regime, the current and the signals show a linear
dependence as well (see Supplemental Material) [37]. The
emission rates are also highly dependent on the location
of the color center since the local densities of the minority
carriers decrease with distance from the Schottky contact,
resulting in different dependencies at the different loca-
tions (x1, x2, and x3) (see Fig. S3 within the Supplemental
Material [37]).

The electroluminescence spectra shown in Figs. 4(c) and
4(d) are recorded at the white x marked in Fig. 4(a), which
indicates the optical axis of the confocal microscopy setup.
The spectra are acquired in an automatic loop by chang-
ing the applied forward bias voltage, recording current
and spectra at every step with an integration time of 2 s.
The spectra at 150 °C and different applied bias voltages
[Fig. 4(c)] shows a dominant emission from neutral-charge
state NV (i.e., NI?) color centers, with a ZPL at ~580 nm
and a broad phonon-sideband centered at 620 nm. This is
due to the fact that a single captured electron cannot pro-
vide sufficient energy to transform the color center from
the neutral ground state to the negative charge state and, at
the same time, bring it to its excited state [21]. Recently,
the electroluminescence of NV~ using a p-i-n structure has
been reported based on the change in the emission spec-
trum [20]. Although the signal is mainly dominated by
N7, further measurements are required to understand the
corresponding photophysics.

Along with the emission from the NV color centers, two
other emission bands are observed. The first one is centered
at 430 nm and is associated with band-A emission [41].
The second one is centered at ~510 nm and relates to the
H3 color centers [41]. The observed electroluminescence
is the sum of the three color centers’ emission spectra,
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FIG. 4. (a) Wide-field electroluminescence images at 150 °C and applied bias voltages of 100 V. The scalebar in the top right-hand

side corner corresponds to a size of 15 um. The white x in the center marks the location of the optical axis, where the electrolumines-
cence spectra are recorded. The three smaller vertical lines indicate the positions where the intensities in (b) are obtained as an average
over 50 pixels. (b) Intensities (colored) across the white lines marked in (a) and the current through the whole device (black). Electro-
luminescence is visible above a turn-on voltage of 4 V (indicated by the black-dotted vertical line). At this point, the /V curve starts
to become ohmic, which indicates a high potential difference across the Schottky barrier. (c) Electroluminescence spectra recorded
at different applied bias voltages for a temperature of 150 °C. The center of the collection area is marked by the white x in (a). The
spectra show a dominant emission from the N7° color centers along with the emission from the H3 color centers. (d) Smoothed elec-
troluminescence spectra at an applied bias voltage of 100 V at different temperatures. Due to the increase in temperature, the number
of electrons in the n-type diamond increases and leads to a stronger emission from the NV color centers compared with the emission

from the H3 color centers.

which are visible as different plateaus. While the emis-
sion from the N color centers increases proportional to
the current through the device, the emission from the H3
color centers becomes stronger with an increase in the
applied voltage. This can be seen by the changes in the
spectral shape at different applied bias voltages in Fig. 4(c)
and, more clearly, from the different compositions of the
spectra at different temperatures in Fig. 4(d). This could
be either due to a different excitation scheme of these
color centers or a significant amount of the charge carri-
ers moving through the nitrogen-rich HPHT substrate and
not only in the n-type thin film. The latter case could
be caused by the lateral geometry of the structure lead-
ing to a downstream of holes into the substrate from the
edge of the Schottky contact. A reduction of the spac-
ing between the contacts down to 1 um or less increases
the lateral electric field within the n-type layer, which can
confine the charge carriers into the doped film. Figure
4(d) shows that the electroluminescence signal of the NV
color centers increases more strongly with temperature

growth compared with the other emission bands. This
agrees with the predictions of Fedyanin and Agio [21] that
the increase of charge carriers (mainly electrons) compen-
sates for the reduction in the quantum efficiency. Thus, the
excitation of the NV color centers is limited by the elec-
tron capture rather than the hole capture, which should
be seen via a saturation behavior of the emission as a
function of current. Besides the needed increase in the
barrier height for a stronger injection of holes, a further
increase in the electron density is required to observe the
electroluminescence from the NV color centers at room
temperature.

VI. CONCLUSIONS

In conclusion, we demonstrated a different approach
for the electrical excitation of color centers in a n-type
diamond Schottky configuration and studied its electri-
cal properties and the electroluminescence under different
conditions. Barrier heights on the order of 4.5 eV have
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been obtained, which allow for only a small injection of
holes into the diamond lattice. The observed emission is
dominated by nitrogen-related defects (H3 and N7/%). We
have shown that the emission from the NV color centers
increases with temperature as the charge carrier density
in the n-type layer increases, which shows that electron
capture is still the limiting factor in the emission process.
However, our findings provide a perspective for optoelec-
tronics based on color centers in diamond [42]. The N-rich
substrate prevented us from observing single-photon emis-
sion, but the introduction of a buffer diamond layer or
substrate removal would allow one to address single-color
centers. Hence, this work is also relevant for efficient elec-
trically driven single-photon sources since the approach
can be combined with thin diamond membranes as a host
material for the single emitters [43] in combination with
planar optical antennas for an efficient light extraction
[44,45].
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