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Electroluminescence of diamond NV-centers at temperatures

450 ◦C−680 ◦C

© S.G. Buga,1,2 N.V. Kornilov,1 M.S. Kuznetsov,1 N.V. Luparev,1 D.D. Prikhodko,1,2 S.A. Tarelkin,1

T.E. Drozdova,1 S.I. Zholudev,1 S.A. Nosukhin,1 V.D. Blank 1,2

1 Scientific Research Center
”
Kurchatov Institute“−TISNUM,

108840 Moscow, Russia
2 Moscow Institute of Physics and Technology,

141701 Dolgoprudny, Moscow Region, Russia

e-mail: buga@tisnum.ru

Received October 3, 2024

Revised October 28, 2024

Accepted December 3, 2024

Electroluminescence spectra of a diamond light-emitting p−i−n-diode based on a nitrogen-doped synthetic single

crystal of diamond (n-type of conductance), grown by high pressure and temperature growth method, and thin,

grown by method of homoepitaxial growth from a gas phase, i-layer of diamond with nitrogen concentration

1014−1015 cm−3 with nitrogen-vacancy and silicon-vacancy optically active centers, and a layer heavily doped with

boron (p-type of conductance), were studied. To increase the concentration of luminescence centers, the diode

was irradiated with an electron beam with energy of 3MeV at dose 5 · 1017 cm−2 with subsequent annealing

at T = 800 ◦C in vacuum for 2 h. Electroluminescence spectra were measured at temperatures in the range of

450 ◦C–680 ◦C both before and after irradiation with electrons. Before irradiation with electrons, the maximum of

the electroluminescence band was observed in the area of wavelengths 610−680 nm, depending on temperature,

voltage and current of diode, and after irradiation with electrons and annealing — at wavelength of 680 nm at

T = 575 ◦C−600 ◦C. Maximum integral brightness of emission of nitrogen-vacancy centers ∼ 1012 photon/s was

observed at T = 575 ◦C after irradiation with electrons and annealing.

Keywords: nitrogen-doped diamond, NV-centers, diamond p−i−n-diode, electroluminescence, high tempera-

tures.
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Introduction

Light-emitting diamond p−i−n=diodes based on

nitrogen-vacancy (NV) optically active centers are being

developed as electrically controlled sources of single pho-

tons with electrical pumping [1–11]. Diamond doped with

boron is commonly used as a p-type material in such

diodes, and as n — diamond doped with phosphorus [2–10].
An i-layer then contains optically active NV-centers and

an insignificant number of individual nitrogen substitution

atoms (C-centers) and, in certain cases — phosphorus

atoms [10]. Just as phosphorus, nitrogen in the form of

isolated atoms at substitution sites is a donor doping element

for diamond. We demonstrated the possibility of fabrication

of n-type Schottky diodes based on diamond doped with

nitrogen [12]. Energy of nitrogen ionization in diamond

is substantially higher than that of phosphorus: this value

is 1.33−1.63 eV depending on nitrogen concentration [13],
whereas for phosphorus the ionization energy is much

lower: as concentration of phosphorus atoms increases, it

decreases from 0.57 to 0.37 eV [14,15]. In view of this,

the concentration of free electrons in diamond doped with

nitrogen is very low at room temperature. At concentrations

of C-centers falling within the 1018−1019 cm−3 range,

electron conduction over delocalized states in diamond is

observed either under illumination [16,17] or under heating
above 300 ◦C [13,16].

Earlier it was found that the integral intensity of radiation

of ultraviolet diamond p−i−n-diodes increases 3 times

when heated from 25 to 200 ◦C [18,19]. It is known [20]
that the intensity of photoluminescence (PL) of nega-

tively charged nitrogen-vacancy complexes ((NV−)-centers)
in diamond at T = 700K decreases approximately down

to 15% compared to the value at T = 300K, and fur-

ther decrease occurs more slowly in agreement with the

known theoretical dependence. Besides, the maximum

of intensity of the PL phonon wing spectrum of (NV−)-
centers shifts from 710 nm at T = 300K to 750 nm at

T = 573K. However, the maximum of the spectrum of

cathodoluminscescence (CL) phonon wing of (NV−)-
centers shifts from 670 to 700 nm as temperature increases

from 293 to 776K [21]. CL spectrum intensity in this case

decreased down to ∼ 10% at T = 776K. This paper studied

the specimen of diamond containing high concentration of

substituting nitrogen ∼ 1019 cm−3 and NV-centers mostly in

the negative charge state with concentration ∼ 1018 cm−3.

Besides, [21] shows that the intensity of zero-phonon line

(ZPL) in (NV−)-centers decreases much stronger with the

temperature growth compared to the ZPL line (NV0)-
centers. At T > 393K the ZPL lines of both centers have
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become indiscernible on the background of a broad band of

luminescence phonon wing.

Shift of ZPL lines in (NV−) and (NV0)-centers with

growth of temperature from 77 to 300K was studied in [22].
In the range of 250−300K the shift 1E/1T was around

−0.002 eV. Based on this value, we approximated the shift

value at T = 723K by −0.017 eV, and at T = 923K —
by −0.027 eV, that for ZPL in (NV0)-centers means a shift

relative to λ = 575 nm (at T = 300K) to a long-wavelength

area by ∼ 4 and ∼ 7 nm accordingly.

In case of silicon-vacancy (SiV−)-centers in diamond

it was found that ZPL intensity decreases by 50% with

temperature rise from 300 to 500K and reduces down

to 20% at T = 873K [23] at the expense of increased

probability of nonradiative recombination.

In the temperature range up to 950K we observed

approximately the linear dependence of electroluminescence

(EL) intensity in (NV0)-centers at wavelength of 625 nm

from the consumed electrical capacity of the diode in the

range of up to 330mW [11].
NV-centers in diamond are studied actively for use

in various quantum optical-electronic devices, in partic-

ular, as single-photon sources for the systems of space

quantum communications [24,25], and in lasers on NV-

centers [26,27].
NV-centers are present in various charge states: neutral

(NV0), negatively charged (NV−) and positively charged

(NV+) [4,42–49]. (NV0) and (NV−)-states are primary.

Depending on the intensity and wavelength of the exciting

radiation in the luminescence spectra, various ratios of band

intensities are observed, related to (NV0)- and (NV−)-
centers [46], and at recombination of holes and electrons

in case of electric current passage in diamond p−i−n-
diodes EL of (NV0)-centers is mainly observed [1,2,9,11].
Quantitative ratio of (NV0)- and (NV−)-centers depends

on the position of Fermi level [3,4,42–49], and, in case

of additional light doping of i-layer with phosphorus, with

increase of voltage on p−i−n-diode in the open state

from 30 to 50V, together with (NV0)-centers, EL spectra

of (NV−)-centers are observed with the maximum at

wavelengths 675 nm, due to a wide wing of phonon

repetitions in ZPL of luminescence 637 nm [10].
Previously we manufactured and studied for the first time

the light-emitting diamond p−i−n-diodes on NV optically

active centers without using a phosphorus-doped layer [11].
The layer with n-type of conductance was a single-crystal

substrate made of diamond grown by high pressure high

temperature method (HPHT) with concentration of C-

centers 2.4 · 1019 cm−3. Such concentration of the doping

admixture of nitrogen provides for the least specific electri-

cal resistance and good quality of Ti/Pt contacts with linear

current-voltage characteristic in a wide range of tempera-

tures of up to 680 ◦C [13,28]. Thin layers of lightly doped

diamond were grown on such substrates with nitrogen-

vacancy optically active centers (i-layer), and diamond

heavily doped with boron (p-layer). IV characteristics and

spectra of electroluminescence were studied in the range

of 300 ◦C−680 ◦C. The radiation spectrum at T = 450 ◦C is

characterized by the maximum at the wavelength ∼ 610 nm

and differs from EL spectra in (NV0)-centers observed

previously at room temperature in diamond p−i−n-diodes
with n-layers doped with phosphorus [1,2,9,10] by some-

what larger half-width and shift of around ∼ 20−25 nm

to the long-wavelength area, which is also specific for

cathodoluminscescence spectra of (NV−)-centers [21], and
for PL [20], but by a higher value. The radiation intensity

increased proportionately to the electric power of the diode

current. The maximum value of the diode current was

15mA at voltage 21.6 V and temperature 680 ◦C. Current

density at the same time was 0.2 A/cm2. Density of LED

current with a specially made n+-emitter from diamond

doped with phosphorus [9], exceeded 103 A/cm2 even at

room temperature. Intensity of radiation of individual NV-

centers in such diode was estimated as ∼ 6 · 105 photon/s.

The brightness of LED radiation on optically active

centers depends not only on current in the open state,

but on concentration of such centers, in this case — NV-

centers. Besides, the modern injection LEDs and lasers

use the superinjection effect in heterostructures [29,30],
due to which the concentration of free charge carriers

in the i-area may exceed their concentration in doped

layers by several orders and therefore provide for high

intensity (brightness) upon their recombination. The

same effect is predicted for homostructures based on

wide band-gap semiconductors [6–8], which include di-

amond too. Accordingly, the brightness of diamond

LEDs may be substantially increased by increasing the

concentration of NV-centers in i-layer, and also upon

provision of the conditions for superinjection of free

electrons, concentration of which in the diamond is usually

much lower than the concentration of holes at com-

parable concentrations of donors and acceptors due to

substantially higher energy of ionization of donors (atoms

of phosphorus, nitrogen) compared to acceptors (boron
atoms).

Concentration of NV-centers spontaneously formed in

diamond grown by CVD method without addition of

nitrogen, is very low. Except for the case of implantation of

nitrogen atoms into diamond [10,31,32], the concentration

of NV-centers is usually much lower than the concentration

of nitrogen atoms. To increase the concentration of NV-

centers in the diamonds doped with nitrogen, the methods

of irradiation with ions [33–38] or electrons [20,39–45]
are used to create vacancy defects, and further annealing

at temperature above 600 ◦C to form nitrogen-vacancy

complexes. For example, at concentration of C-centers

∼ 2 · 1017 cm−3 irradiation with a flow of electrons with

energy of 3MeV and dose of 4 · 1017 cm−2 with subsequent

annealing caused formation of ∼ 12 ppb (2 · 1015 cm−3)
(NV−)-centers [39]. It is important that irradiation with

high energy electrons provides for formation of vacancy

defects in the entire volume of the diamond crystal, while

when irradiated with ions, the thickness of the layer,
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Figure 1. a — scheme of diamond p−i−n-diode: 1 — p+-layer doped with boron; 2 — i-layer containing NV-centers: 3 — n-layer
doped with nitrogen; 4 — ohmic Ti−Pt-contacts; b — diode IV characteristics at T = 300, 500 and 600 ◦C before irradiation with

electrons (solid lines) and after irradiation and vacuum annealing (dashed lines).

where vacancies are formed, usually does not exceed one

micron.

Studies in the field of development of femtosecond

diamond lasers with high power at optical pumping of

NV-centers in diamond [26] and continuous lasers are

of substantial interest [27]. Taking into account of the

theoretically predicted effect of free electron superinjection

into i-area of diamond p−i−n-diodes [6–8], the EL studies

of NV-centers in such diodes at high temperature are

promising.

The purpose of this paper was to study the EL spectra

of a diamond p−i−n-diode, similar in design [11], after

irradiation with a flow of electrons with energy of 3MeV

and subsequent annealing at T = 800 ◦C to increase the

concentration of NV-centers in i-layer.

1. Experimental specimens
and experimental procedure

The experimental specimen of p−i−n-diode (fig. 1) was

prepared on the substrate of nitrogen-doped single crystal

of Ib-type diamond, grown by the method of temperature

gradient at high pressure and temperature (TG-HPHT-
method) [50,51] with nitrogen concentration in the form of

C-centers 2.4 · 1019 cm−3. A layer of highly pure diamond

with thickness of 6µm (i-layer) and doped with boron

in concentration of ∼ 1 · 1020 cm−3 with thickness 4µm

(p+-layer) were grown consequently on the substrate with

dimensions of 3.5× 3.5× 0.15mm by method of homoepi-

taxial growth from the gas phase (CVD-method, [51]) For

CVD-growth we used Plassys BJS 150 CVD unit.

The process parameters were the following: substrate

temperature — 850± 15 ◦C, microwave radiation power —
2.7 kW, gas mixture — H2/CH4 at the ratio of 24/1 and gas

pressure of 180± 5mbar. Growth rate of i-layer growth was

∼ 1.3µm/h. A hydrogen purifier was used, which provides

for impurity concentration of not more than 1 ppb. Methane

purity was 99.9999%. With account of the specified ratio of

hydrogen and methane, the total concentration of impurities

in the gas mixture does not exceed 5 ppb vs carbon.

Assuming nitrogen as the main residual gas, we get the

ratio [N]/[C] ∼ 10−6 . Taking into account the coefficient of

nitrogen incorporation into the diamond lattice vs carbon

∼ 10−3, we assess the minimum concentration of nitrogen

in i-layer as around 1014 cm−3, but with account of the

possibility to etch the nitrogen-doped diamond substrate and

atmosphere remains during chamber vacuumation before

blowdown and filling with the working gas mixture, the

upper boundary of the nitrogen concentration range in i-
layer may reach the value of around 1015 cm−3.

For boron doping, diborane B2H6 at the ratio of 48/1/0.25

was added to the gas mixture H2/CH4. Substrate tem-

perature was 870± 15 ◦C, microwave radiation power —
2.9 kW at gas pressure of 180 ± 5mbar. Rate of p-layer
growth was ∼ 1µm/h. Boron concentration in the grown

p+-layer was determined by the method of secondary ion

mass spectroscopy (SIMS) and was additionally controlled

using Raman scattering spectra (RS).
After CVD-growth a square plate was cut from the pro-

duced three-layer single-crystal structure by method of laser

cutting with dimensions of around 3.0× 3.0× 0.15mm.

Side surfaces of the manufactured plate were polished to

enhance optical emission yield, enable monitoring of the EL

region with an optical microscope, and analyze emission

spectra. A solid ohmic Ti−Pt contact 2.5× 2.5mm in

size was fabricated on the HPHT substrate side by mag-

netron sputtering through a contact mask, and 4 contacts

1.0× 1.0mm in size were formed on the side of the boron-

doped CVD layer. Prior to the fabrication of metallic
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Figure 2. Spectra of heater radiation at different temperatures

measured under the same conditions that spectra in fig. 3, d–f,

in absence of diode current.

contacts, the specimen was annealed in air at a temperature

of 680 ◦C in order to remove the graphitized surface layer,

which was produced in the process of laser cutting, and

possible surface contamination.

Heating of the diode at EL spectra study was per-

formed in argon ambient with the use of a vacuum-tight

Linkam 1000TS heating stage with an optical window. In

these measurements, the examined diode was positioned in

the heater perpendicularly to the output optical window in

such a way that the emission spectrum could be recorded

from the polished edge face.

Fig. 1, b presents IV characteristics of the diode at

T = 300, 500 and 600 ◦C prior to irradiation with electrons

and after irradiation and vacuum annealing. As a result

of irradiation and annealing of the diode, the current

values in the forward direction decreased ∼ 5−10 times

at the same values of temperature, and in the backward

direction, on the contrary, increased somewhat, i.e. the diode

rectification coefficient decreased approximately by an order.

The reasons for such change of the diode characteristics

as a result of irradiation may differ for the forward and

backward currents. Diode resistance in the forward direction

could increase due to decrease in the concentration of donor

nitrogen atoms in the substitution position when NV-centers

are formed, and to a certain degree due to the effect of

the structure defects. In the backward direction, on the

contrary, — the presence of defects helps to increase the

leakage currents, which are not related to the availability of

impurity atoms and injection of holes and electrons from p-
and n-layers. S-shape of IV characteristic at T = 600 ◦C

after irradiation with electrons and annealing is related

to the discrete deployment by voltage 1U = 0.5V in IV-

measurements. Instability of IV characteristic at T > 600 ◦C

may be due to extended defects of the structure, and

features of current flowing in a thin contact layer of titanium

carbide at high temperatures.

Optical emission spectra were studied using a confo-

cal RS-spectrometer Renishaw inVia Reflex. To collect

PL spectra at room temperature, lens Leika N PLAN

EPI 100×/0.85NA was used. Recording of EL spectra

1 mm

ba

dc e f

Figure 3. EL of diamond p−i−n-diode: a — at

T = 680 ◦C, U = 10V, I = 20mA prior to irradiation with

electrons and annealing, diode
”
top view“; b — view of

luminescence area in i-layer at the end face of the diode

at T = 450 ◦C, U = 10V, I = 10 µA; scale: 1 — scale divi-

sion — 1.5 µm; n+-layer on the left (yellow color), p+-

layer on the right (blue-purple color); c–f — EL from the

end face of the diode after irradiation with electrons and

annealing: c — at T = 525 ◦C, U = 35V, I = 0.38mA;

d — at T = 550 ◦C, U = 33V, I = 0.9mA; e — at T = 575 ◦C,

U = 34V, I = 0.3mA; f — at T = 600 ◦C, U = 24V, I = 3mA.

Spectral sensitivity and color rendition of the photo camera were

adapted automatically for each frame separately.

in the heating optical table was done with lens Olympus

LMPlanFLN50×/0.5NA having large focus distance and the

diameter of the focal area 1.7µm at λ = 680 nm.

Prior to EL spectra measurements, background emission

spectra of the heater from the diode surface were recorded

at each temperature value under zero diode current. The

examples of the heater emission spectra acquired in this

manner are shown in fig. 2. They look like a broad

band starting from wavelengths ∼ 650 nm with maximum

on 950−970 nm depending on temperature.

Emission intensity in the studied spectral range depends

greatly on temperature. With increase by 25◦ the intensity

rises more than twice. These heater emission spectra were

later substracted from the EL measured spectra with the

diode current switched on. And the diode EL emission was

observed in i-layer (fig. 3, b).

After the study of PL spectra of i-layer of the diode

at room temperature and EL at various temperatures in

the range from 450 to 680 ◦C and current values in

the forward direction to 15mA the diode was exposed

to irradiation with a flow of electrons with energy of

3MeV on accelerator INDUSTRIAC 3E1000M with doses

1 · 1014 cm−2 and 5 · 1017 cm−2 and subsequent annealing at

Technical Physics, 2025, Vol. 70, No. 3
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Figure 4. a–c — diode EL spectra prior to irradiation with electrons at different values of bias and current in forward direction and

at various temperatures; d — diode EL spectra after the irradiation with electrons and vacuum annealing at different values of bias and

current in forward direction and temperatures 525 ◦C−600 ◦C.

T = 800 ◦C in vacuum for 2 h to increase the concentration

of nitrogen-vacancy centers by formation of vacancies as a

result of irradiation and their combination with the impurity

atoms of nitrogen in process of annealing, similarly to

ascribed in [39–42]. Annealing was done in vacuum furnace

Red Devil WEBB 105.

2. Results and discussion

Luminescence was observed at temperatures

above 400 ◦C when diode forward current was flowing

(fig. 3).

Fig. 3, a shows a photograph of a glowing diode at

T = 680 ◦C, U = 22V, I = 20mA prior to irradiation with

electrons and annealing. Background glow in fig. 3, a, c–f is

the heater radiation.

Fig. 3, b shows a photograph of the edge of the end

surface of the diode, where one can see the luminescence

of i-layer at T = 450 ◦C, U = 10V, I = 10µA also prior

to irradiation with electrons and annealing. The irradiation

color is greenish, specific for the spectrum in fig. 4, a

with maximum in the area of 600−610 nm. Fig. 3, c−e

presents photographs of diode glow from the end face

after the second irradiation with electrons and annealing.

Images were produced at various temperatures in the range

of 525 ◦C−600 ◦C and various values of diode bias and

current, which correspond to the conditions for recording

of the emission spectra given in fig. 4, d.

The diode EL spectrum prior to irradiation with electrons

at T = 450 ◦C, U = 10V, I = 10µA (fig. 4, a) presents a

broad band with half-width ∼ 150 nm with the maximum

at the wavelength of 610 nm. As temperature increases

to 640 ◦C, EL spectrum broadening is observed: the

maximum is shifted to the area of 640−660 nm (fig. 4, b),

and intensity in the maximum at U = 8.2V, I = 0.5mA

only slightly exceeds the intensity of the maximum at

T = 450 ◦C and considerably lower current of the diode

(fig. 4, a). Also in the spectra measured at T = 640 ◦C

(fig. 4, b), a band of relatively low intensity in the area

of 740−780 nm is observed. It may presumably be the

EL band of SiV−-centers that are also present in i-layer
as confirmed by PL spectra acquired at room temperature

(fig. 5). It is known that temperature rise shifts the

maximum of the PL spectrum in SiV−-centers to the area

of longer waves, in particular, at T = 588 ◦C the maximum

was observed at λ = 751 nm [23].

After diode irradiation with electrons and annealing the

EL spectra at all temperature values in the range of

525−600 ◦C, voltage of 24−35V and current of 0.3−3mA

shifted to the area of large wavelengths with the maximum

at ∼ 680 nm (fig. 4, d). And the maximum EL intensity is

observed at T = 575 ◦C.

Technical Physics, 2025, Vol. 70, No. 3
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As temperature increases to 600 ◦C, the EL intensity is

lower even at the diode current values that are 5−10 times

higher than at T = 575 ◦C. With further temperature rise

the intensity of light emission became even less.

View of spectrum in fig. 4, a in general corresponds to

EL spectra of (NV0)-centers in p−i−n-diodes with n-layer
doped with phosphorus [1,2,9,10] at room temperature. The

key difference consists in the fact that individual narrow

low-intensity peaks of ZPL of luminescence λ = 575 nm

and its phonon replicas that form a broad band when

overlapping with maximum at λ = 610 nm were observed

against the general background of a broad band at room

temperature[1,2,9,10].
In our case due to high temperature the luminescence

lines are broadened and merge into a joint broad band.

At T = 640 ◦C (fig. 4, b) the maximum of spectra at all

values of diode bias and current shifts by λ = 650 nm,

and at T = 680 ◦C the maxima of the spectra collected

at U = 16.5V, I = 5mA and below these values also

corresponds to λ = 650 nm (fig. 4, c), while at high values

of bias and current the maximum is on λ = 660−680 nm.

After irradiation of the diode with a beam of electrons

and annealing the shift of the maximum of EL spec-

trum to wavelength of 680 nm (fig. 3, d) at T = 600 ◦C

means decrease of energy by 0.2 eV relative to 610 nm at

T = 23 ◦C, which matches the reduction of energy in the

maximum of PL phonon wing of (NV−)-centers under

the same conditions [20]. No experimental data on the

temperature shift of the maximum of EL phonon wing in

(NV0)-centers in the earlier studies. Therefore, one can

only state that the observed shift of the EL band maximum

with the growth of temperature slightly differs from the

value of shift of the PL phonon wing maximum in (NV−)-
centers under similar conditions [20], and the shift of the

band center in fig. 4, a by ∼ 20−25 nm relative to the

spectrum from [9] matches the shift value at 20−25 nm

of the maximum of CL spectrum phonon wing in (NV−)-
centers at T = 500 ◦C [21].
Fig. 5 provides diode PL spectra at T = 296K prior

to irradiation and after irradiation with electrons at doses

of 1 · 1014 and 5 · 1017 cm−2 and annealing at T = 800 ◦C

for 2 h. The spectra contain the band of the second order

Raman of diamond and ZPL in (SiV−)-centers with maxima

at ∼ 738 nm [23,52]. Silicon gets into the gas mixture at the

initial stage of the homoepitaxial layer growth in the CVD-

reactor due to the presence of quartz windows in it. In EL

spectra measured after irradiation and annealing of the

diode (fig. 4, d), the band of (SiV−)-centers is not identified,
probably because the EL spectrum of NV-centers shifted

to the area of large wavelengths approximately by 30 nm

relatively to the spectra prior to irradiation (fig. 4, b), and
broad band of EL in SiV-centers superimposes on the area

of EL spectrum fall in (NV0)-centers.
The insert in fig. 5, b shows that the amplitude of the

Raman scattering line of the diamond for the wavelength

of the exciting radiation of the laser λ = 532 nm is the

same for both spectra collected after irradiation with
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Figure 5. PL spectra of i-layer in the diode at T = 296K

when excited by laser λ = 532 nm prior to irradiation (a) and

after irradiation with electrons having energy of 3MeV with

doses of 1 · 1014 and 5 · 1017 cm−2 and annealing at T = 800 ◦C

for 2 h (b). The insert shows in more detail the region of

the spectrum 570−575 nm with the Raman line of diamond

having equal amplitude for both spectra. Sign ∗ indicates band

605−620 nm of the second order of Raman line of diamond.

doses 1 · 1014 and 5 · 1017 e, which makes it possible to

compare the amplitudes of PL-spectra obtained as a result

of irradiation with electrons using two different doses at

identical conditions of annealing.

One can see that the intensity of the PL spectrum

after the second irradiation with high dose is approxi-

mately 10 times higher than after the first irradiation.

But the PL spectrum after the first irradiation and annealing

corresponds to spectrum of (NV0)-centers, as the EL spec-

trum prior to irradiation (fig. 3, a), and PL spectrum after

the second irradiation and annealing has two components —
main band with maximum at 675 nm, corresponding to PL

of (NV−)-centers, and
”
delayed“ rise in the area of

wavelengths of less than 650 nm, corresponding to a certain

part of (NV0)-centers.

The table provides the results of measurements of EL

integral brightness P tot in spectra given in fig. 3, a, b, d, and

estimation of full brightness of EL in J tot p−i−n-diode prior
to its irradiation with electrons and after it, and at various

values of current density j . Estimates accounted for integral

brightness of irradiation in the range of waves 450−850 nm,
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The number of spectrum before irradiation with electrons (�1−3)
and after irradiation and annealing (�4); diode temperature T ;
current density j ; integral brightness of EL P tot, estimated

using spectra in fig. 3, a, b, d; full brightness of EL in diode

Jtot with account of solid angle of collection, area of the focal

spot vs the entire surface area of i-layer and total coefficient of

irradiation losses in the optical system and detector 0.25

� T, ◦C j , A/cm2 P tot, phot/s Jtot, phot/s

1 450 1.6 · 10−4 7 · 103 9 · 1010

2 640 1.6 · 10−2 2.2 · 104 2.7 · 1011

3 680 8 · 10−2 5.5 · 104 6.8 · 1011

4 575 3 · 10−3 7.5 · 104 9 · 1011

the time of registration of spectra 80 s, angular aperture of

the lens, ratio of focal spot area to the entire surface area

of the i-layer, the total coefficient of losses in the optical

system of around ∼ 0.25.

As one can see from the table, despite the fact that the

temperature of the maximum radiation and density of cur-

rent of the diode after irradiation and annealing were lower

than prior to irradiation, the integral brightness of EL after

irradiation and annealing increased approximately 1.5 times

compared to the maximum value prior to irradiation.

The results of this study demonstrate that the light-

emitting diamond p−i−n-diodes on NV-centers with n+-

layer doped with nitrogen, are operable at temperatures

450 ◦C−680 ◦C. Their emission spectra correspond to the

EL spectra of neutral (NV0)-centers. To conduct the studies

of the possibility of superluminescence of NV-centers in i-
layer with pumping by electrical current, it is necessary

to increase the concentration of NV-centers and increase

of current density. This may be achieved by reduction of

n+-layer thickness to decrease the diode resistance in open

state, and by optimization of i-layer thickness. Reduction

of the substrate thickness to the value of less than 1µm

with the help of lift-off-technology used by us to make thin

diamond Schottky barrier diodes of p-type [53].

Conclusion

For the first time the EL spectra were studied in a

diamond p−i−n-diode with n+-layer doped with nitrogen

in the temperature range 450 ◦C−680 ◦C at various values

of bias and current of the diode in the open state, and also

the impact of irradiation with the electrons having energy

of 3MeV by dose 5 · 1017 cm−2 and subsequent annealing

to increase the concentration of nitrogen-vacancy centers of

luminescence in the i-layer on the EL spectra of the diode.

PL spectra of i-layer in the diode also demonstrated ZPL

of luminescence of the negatively charged (SiV−)-centers
formed in the CVD-layer of the diamond, as a result of

etching the quartz window of the reactor with plasma at

the initial stage of the diamond growth process. After

irradiation with electrons and annealing, the concentrations

of NV- and SiV-centers increased substantially.

The main source of EL are presumably neutral (NV0)-
centers. As temperature, voltage and current of the diode

increase in the open state, the EL band broadens with a shift

of the maximum to the area of longer waves from ∼ 610

to ∼ 650 nm. As temperature increases to 680 ◦C and

maximum current density is achieved as 0.08A/cm2, the

maximum of the EL spectrum shifts further to 680 nm.

After irradiation of the diode with electrons and annealing,

the maximum of the EL spectra is also observed at the

wavelength of 680 nm. A relatively weak band of EL in

(SiV−)-centers in the area of the wavelengths 740−760 nm,

observed in the spectra measured at T = 640 ◦C prior

to irradiation of the diode with electrons, is not observed in

the EL spectra after irradiation with electrons and annealing,

measured at temperatures up to 600 ◦C, probably because

the irradiation spectrum of NV-centers shifted to the area

of large wavelengths approximately by 30 nm relative to

the spectra prior to irradiation (fig. 4, b), and broad band

of EL of SiV-centers is superimposed on the area of the

EL spectrum fall in (NV0)-centers.
Maximum integral intensity of EL in J tot diode prior

to irradiation was ∼ 6.8 · 1011 photon/s at T = 680 ◦C,

U = 21.6V, j = 0.08A/cm2. After irradiation and

annealing the value J tot of EL reached the value

of ∼ 9 · 1011 photon/s at T = 575 ◦C, U = 34V,

j = 0.003A/cm2.

To study the possibility of superluminescence of NV-

centers in i-layer with pumping by electric current and

development of a diamond injection laser on nitrogen-

vacancy color centers it is necessary to increase the

concentration of NV-centers, to reduce the thickness of n+-

layer for reduction of diode resistance in the open state

and accordingly to increase the current density, and also to

optimize the thickness of i-layer. It is possible to reduce

the substrate thickness to the value of less than 1µm with

the help of lift-off-technology [53]. The diode self-heating

effect when the current flows may be used to increase its

temperature by optimization of design and initial external

heating to the temperatures of around 500 ◦C [54].
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