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Introduction

Growth temperature induced changes of
luminescence in epitaxial BN: from colour centres
to donor—acceptor recombination
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Defects play a very important role in semiconductors and only the control over the defect properties
allows the implementation of materials in dedicated applications. We present an investigation of the UV
luminescence of defects in hexagonal boron nitride (h-BN) grown by Metal Organic Vapor Phase Epitaxy
(MOVPE). Such intentionally introduced defects are important for applications like deep UV emission and
quantum information. In this work, we performed photoluminescence and cathodoluminescence experi-
ments on a set of h-BN layers grown by MOVPE at different growth temperatures (ty,). The obtained
defect-related spectra in the ultraviolet range include well-known lines at about 230 nm (X230, hv = 5.4
eV) and 300 nm (C300 - the brightest one, hv = 4.14 eV) as well as a rarely observed band with a zero-
phonon line at 380 nm (C380, hv = 3.24 eV). The C300 and C380 bands have the characteristic of a color
centre showing sharp lines (0.6 nm width) at 5 K. These lines are most probably an internal transition of
carbon-related defects. We show that for samples grown at high temperatures (tg, > 1200 °C), the lines
related to the color centres C are replaced by broad bands at 330 nm and 400 nm, which we marked as
D330 and D400, respectively. The D bands have similar central energies to the C bands but extend over a
large energy range, so we propose that the D emission is due to a shallow donor to deep acceptor
recombination. Time-resolved photoluminescence analysis determined the lifetimes of the individual
lines in the range from 0.9 ns (C300), 1.8 ns (C380) to 4 ns (D400). The C300 and C380 color centre
bands are composed of a series of characteristic lines that are due to the interaction with phonons. The
Eqy (198 meV) and Ay, (93 meV) phonon replicas have been identified.

Moreover, it is proposed that BN can be used in solid-state
thermal neutron detectors,® in hydrogen storage technology,’

Hexagonal boron nitride (h-BN) is a semiconductor compound
from the IlI-nitride family with a very wide band gap of about
6 eV,' so it can emit light in ultraviolet B and C spectral ranges
where solar radiation is very weak and LEDs are not well devel-
oped yet. The hope for light emitting devices based on BN is
stimulated by observations of very bright luminescence in
h-BN? that has nearly 100% efficiency® in spite of an indirect
band gap. A deep UV cathodoluminescence (CL) light emitting
device has already been demonstrated” and the electrolumi-
nescence of BN was recently observed in van der Waals hetero-
structures.” It was also proposed that colour centres in h-BN
could serve as bright UV and visible single photon emitters.®”
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and in proton exchange membranes for energy devices."’
There is no doubt that broad applications of h-BN can only
be realized using a technology which offers high quality, large-
area layers grown on commercially available substrates (e.g
sapphire). These requirements can be fulfilled using MOVPE
(Metal Organic Vapour Phase Epitaxy) technology. Thus, infor-
mation about radiative recombination in epitaxial BN is very
important, both from the point of view of applications and for
the understanding of the basic properties of boron nitride.
Epitaxially grown layers are composed of different allotropic
forms. The most promising hexagonal BN polytype is com-
posed of two-dimensional honeycomb layers, which are
bonded by sp” bonds inside the layers and by van der Waals
bonds between the layers (similarly to graphite). If subsequent
layers were exactly at the same spatial position, one would
observe AA stacking. However, this would mean that the boron
cation in the upper layer would be above boron and the nitro-
gen anion would be above nitrogen in the lower layer, causing

This journal is © The Royal Society of Chemistry 2023
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electrostatic repulsion. Therefore, it is expected that every
second layer is reversed (AA’ stacking) or shifted (Bernal, AB
stacking). If the third layer is also shifted, one obtains rhom-
bohedral ABC stacking."" In order to distinguish these forms,
the notations h-BN(AA’), b-BN, and r-BN are used for forms
with AA’, AB, and ABC stacking, respectively. In the case when
there is no well-established stacking order, one describes BN
as turbostratic (t-BN). All these forms yield slightly different
bands and defect structures.'>**

There are still many discrepancies in reports on the photo-
luminescence (PL) spectra of h-BN, which highlights the need
for further comprehensive studies. For example, initial studies
suggested that h-BN is a direct band-gap material,">'® while
later works point to an indirect band-gap.' Sponza et al.'* and
Elias et al.'” reported a change from a direct K-K gap for a
single layer to an indirect K-M gap for bulk systems.
According to these calculations, valence and conduction
bands are rather flat and parallel along the K-M section.
Recently, it has been found experimentally that an indirect
excitonic band gap is 5.955 eV and a direct one is 6.125 eV.'*"”
It is expected that a semiconductor with an indirect gap would
show very low radiative recombination efficiency, but experi-
ments show that bulk h-BN luminescence is usually very
bright. This effect can be explained by a giant light-matter
interaction enabled by nearly parallel bands in hexagonal
BN."®

One of the brightest emissions observed in BN is a band
with a zero phonon line at 300 nm (4.14 eV) and with a few
phonon replicas, as reported in many papers.>'®>* We have
found that this emission has a very high internal efficiency, so
it is promising for many applications.

Here, we present results showing the photoemission pro-
perties of hexagonal boron nitride grown by MOVPE at
different temperatures on 2" sapphire substrates. Importantly,
this approach produces uniform hexagonal BN layers on stan-
dard sapphire wafers and it is perfectly scalable to high-dia-
meter substrates.”* As we show here, this method can also be
used to control the density of point defects responsible for the
luminescence from the BN layer.

Carbon is situated exactly in between boron and nitrogen in
the periodic table of elements, so it fits very well into the BN
lattice. The BN layer is grown by MOVPE using triethyl boron
B(C,H5)3, TEB, which contains six carbon atoms. Therefore, it
is expected that carbon is a quite common impurity in BN and
many experimentally observed defects were proposed to be
carbon-related. Carbon can replace boron Cg or nitrogen Cy,
forming a donor or acceptor, respectively. Two carbon atoms
in different lattice positions: Cg plus Cy, form an isoelectronic
defect carbon dimer, C,, that should easily incorporate in BN
due to a low formation energy, which was confirmed by the
calculations of thermodynamic properties.”>*® Many theore-
tical works were devoted to such defects.">**° For example,
Korona et al.*” calculated ab initio energy levels and the rele-
vant phonon modes. Moreover, C, and other carbon complexes
have been directly observed in atom-by-atom h-BN analysis by
high-resolution electron microscopy.’’ Lately, carbon was
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identified to be related to an emission at around 580 nm,
which can be the source of single-photon emission.” This
emission can be due to separated Cn—Cg pairs or triple carbon
defects.”

Experimental section
Experimental setups

X-ray diffraction (XRD) 2-theta/omega scans were performed
with an X’Pert Panalytical setup. They were performed under
the symmetrical Bragg-Brentano diffraction conditions utiliz-
ing the crystallographic planes parallel to the main substrate
plane.

The morphology of the layers was examined by scanning
electron microscopy (SEM) using a FEI Helios Nanolab 600
electron microscope. Energy-dispersive X-ray (EDX) spectra
were recorded with an Octane Elect Plus C5 EDAX detector.

Cathodoluminescence (CL) spectra were recorded in a
Hitachi SU-70 SEM, equipped with a GatanMonoCL3 CL
system. A continuous-flow helium cryostage allowed measure-
ments down to 5 K. The CL spectra were recorded in the range
from 160 to 900 nm (1.4-7.7 eV).

For photoluminescence (PL) and PL excitation spectroscopy
(PLE), samples were excited with light generated as the second
(in the range 3.0-3.6 V), third (3.8-4.8 eV) or fourth harmonic
(in the range 5.4-5.8 eV) of a Ti:sapphire laser. Two BBO crys-
tals were used to obtain short-wavelength light. A
Schwarzschild mirror objective was used for micro-PL spec-
troscopy. The spectra were recorded with an Acton 300 mm
spectrometer and a Hamamatsu CCD camera. The time-
resolved PL (TRPL) spectrum was recorded using a
Hamamatsu streak camera (2.5 ps resolution) with quartz
optics (transmission up to 200 nm).

Growth of h-BN MOVPE layers

The boron nitride layers on sapphire substrates were grown
using Metal Organic Vapor Phase Epitaxy (MOVPE). All growth
processes were performed using an Aixtron CCS 3 x 2" MOVPE
system designed for the growth of nitride compounds. The
first series of samples were grown in a reactor equipped with a
heater powered by three high-power supplies and the next
series of samples in a reactor were upgraded for high-tempera-
ture growth, with a heater powered by four high-power
supplies (an Aixtron 1400 °C UVC LED kit). It has been
checked that both sets of samples had similar properties and
similar dependence on the growth temperature (t). In fact,
some samples were grown a few years ago, but still have the
same properties. The ¢, covered in this work ranges from
1025 °C to 1400 °C. Triethylboron (TEB) and ammonia (NH;)
were used as B and N precursors, respectively. Hydrogen was
used as the carrier gas. The boron nitride layers were grown on
two-inch sapphire c-plane wafers, with 0.2° off-axis orientation.
A thermocouple and an ARGUS multipoint pyrometer con-
trolled the reactor heating and the temperature distribution on
the susceptor and the substrate. The growth temperature
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values given in this report are the substrate temperatures
obtained from the readout of the pyrometer system. The layers
were grown in continuous flow growth mode (CFG),**** and
the pressure was about 600-800 mbar. The NH; to TEB flow
ratio (V/III ratio) varied from 2.5 to 400. At lower temperatures
(1000-1100 °C) this ratio was kept low (2.5-50), and it needed
to be increased with temperature (to 100-400 at 1400 °C). A
series of more than 20 samples grown at different ¢,, was
measured and compared under the same experimental con-
ditions. The thickness of the investigated layers ranged from
200 nm to 2500 nm.

The SEM image revealed that the samples grown under
these conditions were composed of microcrystals surrounded
by a nanocrystalline network containing few-micron-long
nanowires or nanotubes (diameter of a few tens nanometers).
In samples grown at lower temperatures, the microcrystals
were smaller but have better-developed crystal walls. The EDX
results suggest that samples contained a lot of carbon (a few
percent) even after oxygen plasma cleaning of the surface of
the samples. However, no significant dependence of the
carbon content on the growth temperature or TEB flux was
found. The most visible change is for layers of different thick-
nesses, where we observe a relative increase of the carbon
content in a thinner material. This suggests that carbon is
mainly at the BN/substrate interface.

The XRD measurements showed the characteristic BN
peaks at a 26 of about 26°. The peaks were wide, so the
material was composed mainly of turbostratic boron nitride.
The FWHM was from 1.5° for the high-t,; samples to about 3°
for the low-t;, samples. Also narrower peaks at 26 = 26.5°
(superimposed on the broader ones), that can be due to the
inclusions of more ordered phases, probably of AA’ or ABC
stacking,>® were observed. Raman and IR measurements
showed the domination of the h-BN(AA') phase.****

Results
Luminescence in the UV range

The CL images show that light was emitted mainly from micro-
crystals which were the best-ordered parts of the material. The
SEM also shows that between the crystallites a network of
nanoflakes (see Fig. 1a) existed. The nanoflakes were generally
dark (Fig. 1b); however, few of them also emitted light.

The electron energy (2.5 keV) was high enough to excite
bandgap emission. However, it was found that the near band-
gap (range 5.8-6 eV) light was emitted only in a few points on
the samples. In most of the cases, CL was emitted only at ener-
gies below 5.5 eV. Five characteristic luminescence bands
observed in CL are labelled in Fig. 1c: X230, C300, D330, C380,
and D400 have maxima at about 5.32 eV (233 nm), 4.16 eV
(298 nm), 3.8 eV (330 nm), 3.26 eV (380 nm) and 3.1 eV
(400 nm), respectively. It is worth noting that the C300 band
(characteristic for samples grown at t,, below 1200 °C) was
much brighter than emission from other centres. These bands
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Fig. 1 (a) Scanning electron microscopy image of a BN sample (grown

at 1055 °C) and (b) its panchromatic CL map (current 0.02 nA). (c) The
CL spectra of two MOVPE BN samples, grown at 1055 °C (e-beam
current 2.7 nA) and 1300 °C (19.5 nA).

will be discussed below, together with the results of PL
spectroscopy.

The PL of samples grown at different temperatures, ¢,
measured at 7 K, showed similar features to the CL spectra
(see Fig. 2b). The photoluminescence excitation (PLE) spectra
were recorded for the two most prominent peak series: C300
and C380. The PLE values were determined on the most
intense PL lines in both series and the values were 3.95 eV,
3.04 eV, and 3.72 eV, for the C300, C380, and D330 emissions,
respectively. A comparison of PL (excited at 5.8 eV) and PLE
spectra are plotted in Fig. 2. The PLE amplitude is in arbitrary
units since it is difficult to determine full emitted power;
however, it is worth noting that luminescence was very
efficient, comparable to good ZnO samples. It can be observed
that for C300 and C380 bands (present in samples grown at ¢y,
<1200 °C) the zero phonon lines (ZPLs) are in the same posi-
tion in PL and PLE spectra while phonon replicas are shifted.
In the PL spectra the phonon replicas have lower energies and
in the PLE spectra the phonon replicas have higher energies
than the ZPLs, as expected. It can be noticed that photo-
excitation at the energy of the C300 line also results in the exci-
tation of the C380 lines. In the case of the D330 band (charac-
teristic for samples grown at ¢, > 1200 °C), the maxima of PL
and PLE are shifted by about 0.4 eV. This energy shift is
similar to the energy difference between the first phonon repli-
cas in the PLE and PL spectra of the C300 and C380 bands.
This suggests that the D330 band has a similar phonon struc-
ture to that of the C300 band and its ZPL is at 4.04 + 0.05 eV.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Comparison of PL (red) and PLE (blue) spectra recorded for

C380, C300 and D330 emissions, (b) PL spectra of h-BN samples grown
at different temperatures, t,, excited at 5.8 eV (215 nm), The C lines
have sharp phonon replicas, h2 = 198 meV.

The PLE spectra showed that the excitation was very
effective for photons of about 5.8 eV, therefore, further PL
measurements were made with a laser tuned to 5.8 eV. The
representative PL spectra recorded on the samples grown at
different temperatures are plotted in Fig. 2b. The peak of the
highest energy, X230, was found at 5.4 eV (about 230 nm).
Similar peaks in BN were reported as donor-acceptor
pairs,>” bound excitons, or stacking faults.">*"** These
peaks can have various energies due to locally different stack-
ing orders.""*! The energy of our peak at 5.3-5.4 eV is prob-
ably related to t-BN or -BN (ABC) stacking.?*

The samples grown at low temperatures have characteristic
defects that emit light in the form of a few sharp peaks simi-
larly to colour centres. The peaks are grouped in two bands
C300 and C380. The C300 band consists of a ZPL at 4.144 eV
(299 nm) and a few phonon replicas (the strongest one at 3.94
eV). The C380 band has a ZPL at 3.240 eV (383 nm). These
peaks can be very sharp, showing a full width at half
maximum (FWHM) of 7 meV (0.6 nm). The C300 peak was

This journal is © The Royal Society of Chemistry 2023
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already reported in many publications.>'®™>* Initially, it has
been proposed to be associated with carbon on the N site;>°
however, later works>>?”?® suggest that it can be a carbon
dimer, e.g. a complex of two carbons on N and B sites. In the
case of C380, there is less information. A similar band was
reported only by Era et al.® at an energy of 3.208 eV with the
conclusion that both Cy and Cy may play a role in this emis-
sion. In fact, the CyCg complex can have many configurations.
In the closest configuration, the carbon atoms are direct neigh-
bours, but carbon can also be on the opposite side of the same
BN hexagon which may give rise to the structure observed as
C380. The phonon replicas with a phonon of about 200 meV
for both bands are in agreement with the calculated ab initio
phonon modes.>”**

The samples grown at higher temperatures show broad
emission (an FWHM of about 0.6 eV) bands D330 and D400,
instead of the sharp bands C300 and C380. The D330 and
D400 bands appear at energies of about 3.8 eV (330 nm) and
about 3.1 eV (400 nm), respectively. In the work of Bourrellier
et al.® a band similar to D330 is visible in a plotted spectrum
but not discussed. Similar spectra were also shown by Du
et al.*® for samples obtained under a high NH; flow and inter-
preted to be related to a carbon-nitrogen vacancy complex,
similarly to C300 lines. The energetic positions of D330 and
D400 suggest that they are somehow related to C300 and C380
lines. At first sight, they seem to be just the same emission
lines but broadened. However, the emission energies of these
bands can reach significantly higher values (500 meV or more)
than the ZPL energies of the C bands. In the Discussion
section, we propose to explain this effect by delocalization of
the excited state and replacement of internal recombination by
transitions from shallow donors.

The BN samples were grown with various thicknesses,
different V/III ratios, and at different temperatures t,. All of
these parameters can influence the PL emission of the investi-
gated samples. A comparison of the PL intensities of the
samples with different thicknesses revealed almost no depen-
dence on layers thicker than 300 nm. It can be explained by
strong absorption in BN, where laser light penetrates only a
depth of about 100-200 nm. It was directly observed that laser
light (5.8 eV) is partially transmitted through the BN layer of
less than 200 nm.

A correlation between the V/III ratio and peak intensities
was also very weak. On the other hand, a clear correlation
between the intensity and growth temperature was observed.

The intensities (signal at the maximum of a peak) of
different PL bands measured in the investigated samples are
plotted in Fig. 3. It can be observed that the PL intensity corre-
lates with t,.. The C300 and C380 peak intensities strongly
decrease, while those of X230 and D330 increase, with increas-
ing t,. The intensity of the D400 band is hard to quantify, and
because this band is weak, it is not shown in this figure.
However, it seems that the D400 intensity is positively corre-
lated with t,,, similarly to D330.

It is expected that the luminescence intensity should be
proportional to the number of emitting centres but should
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Fig. 3 PL intensity of different emission bands (measured at 6 K), under
5.8 eV laser excitation energy, versus growth temperature.

decrease in the presence of nonradiative recombination
defects. Usually, deep defects like colour centres are not dis-
turbed by the presence of other defects, so only the high-
energy exciton-related centres X230 should be quenched by
nonradiative recombination. Therefore, the increase of the
X230 intensity suggests a lower concentration of nonradiative
centres when grown at higher growth temperatures, even if the
observation of this band may still suggest the presence of
stacking faults. The fast decrease of colour centres C300 and
C380 intensities with an increase of t,, suggests that some pro-
cesses activated at higher temperatures led to their annihil-
ation. This can be either evaporation of the material or the cre-
ation of other defects that formed complexes with the original
centres. We can assume that the intensity is described by the
Arrhenius-Eyring equation:

AS AH ) (1)

I=A exp| — —
p(kB kBTgr

where Ty, =ty + 273 K. By fitting formula (1) to the PL inten-
sity data in Fig. 3, we obtained parameters AH = (—4.6 + 0.4)
eV and (—6.6 + 1) eV for C300 and C380 peaks, respectively.
Since the change of enthalpy AH is negative, it can be inter-
preted as an exothermal process. However, it can be assumed
that the formation of the emitting centre is suppressed in a
competing process, for example, evaporation of the element
forming the centre (we suppose that it is carbon). However,
probably physical processes during growth are much more
complicated than just evaporation.

From the fitting procedure, we have also obtained the pre-
factor a = A exp(AS/kg). For example, values of o were equal to
1.32 x 107** and 3.7 x 107> for C300 and C380 centres,
respectively. This means that at very high temperatures the for-
mation of C380 would be 9 orders of magnitude less probable
than C300, which means that the formation of C380-related
defects is much more complex than in the case of C300.

These data were obtained on samples grown in the simplest
CFG mode (as described in the Growth of h-BN MOVPE layers
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section). Our group also developed other more elaborated
modes, for example, flow modulation epitaxy (FME).>**° In the
FME mode it is possible to obtain emission similar to C300 at
higher growth temperatures; however, lines are broader and
shifted to lower energies (by 50-100 meV) compared to the
CFG samples reported here.

The intensities of X230 and D330 emissions increase with
the growth temperature, which suggests that these defects are
more easily created at higher temperatures. In this case, H can
be interpreted as the formation energy of a defect. The fitting
of eqn (1) gave AH = (2.6 + 0.3) eV and (1.1 + 0.1) eV for X230
and D330 peaks, respectively. Theoretical calculations found
the formation energy of the CgCy defect to be about 2 eV (ref.
25, 26 and 30) (the energy is positive since the original BNy
pair has a lower energy than the CgCy pair) and it is indepen-
dent of nitrogen flux.

The C300 and C380 bands consist of a series of sharp lines.
Time-resolved measurements show that these lines have nearly
identical transients for each band, which suggests that they are
phonon replicas. From theoretical calculations the optically
active modes A,y, E14(TO), and E;,(LO) are expected at energies
92.6 meV, 170.9 meV, and 199.7 meV, respectively.>$*%*!

The comparison shown in Fig. 4 presents the spectra of
C300 and C380 bands shifted by the energy of their zero-
phonon transitions. It can be noticed that the phonon replicas
of both bands are very similar and few phonon replicas can be
identified. The phonon energy A2 = 198 eV, (1600 cm™') can
be ascribed to E;,(LO), while the line observed at 171 meV
(1380 cm ™) can be assigned to the E,(TO) phonon. It should
be noted that the E;,(TO) phonon energy is nearly the same as
E,g, which dominates the Raman spectra. Similar replicas were
reported in a few works**** for the C300 line, while the obser-
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Fig. 4 A comparison of phonon replica spectra (above) with theoretical

predictions®® (below). The spectra are shifted by AE equal to zero
phonon line energy.
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vation for the C380 line is new. The similarity of phonon repli-
cas suggests that the C300 and C380 lines are closely related.

Time-resolved photoluminescence

PL is emitted by the radiative recombination of the excited
states of density n(t). The evolution of this can be described by
the rate equation:
dn n
—=——+F(t 2
0] 2)
where F(t) is a feeding function describing the creation of
states. If feeding is neglected, eqn (2) gives as a solution an
exponential curve:

n(t) = n(0) exp(—t/z). (3)

In the case of feeding by another centre inside the sample
(excited independently by a laser pulse at time ;) the feeding
function can be assumed as an exponential decay (with life-
time 7¢): Fo(t) = aexp(—t/zc), for ¢ > 0 and F¢(0) = 0, for ¢ > 0.
Incorporating this dependence in eqn (2), one obtains the
solution:

n(t) = A exp(—t/zc) + B exp(—t/7), (4)

where A = arrc/(tc — 7) and B are independent constants.
Assuming the border condition n(0) = 0, one obtains B = —A.
However, while fitting to the experimental data, both A and B
should be treated as free fitting parameters.

If the feeding function is a Gaussian pulse (excited by a
laser) given by F(t) = ¢ exp(—(¢/w)*), then assuming the border
condition n(—oco0) = 0, the solution becomes:

n(t)zD(erf(t _th) + 1)exp(—t/t), (5)

where erf is the Gauss error function, D = ¢W\/J'I: exp(—t/zc)exp
((tp/w)?)/2 and tp = w?/27z. While fitting to the experimental
data, both D and ¢, were treated as fitting parameters.

A comparison of the time-resolved PL (TRPL) of low-t,, and
high-t,, BN layers measured at low temperatures can be found
in Fig. 5. The figures are presented as false-colour contour
maps with subsequent contour lines plotted for values that are
e-times smaller. Assuming that the measured PL intensity I(t)
is exponential (proportional to n(t) from eqn (3)), the distance
between the contour lines along the time axis is equal to the
decay time 7 (defined by eqn (2)), so the kinetics of the light
emission can be easily determined. All spectral features have
relatively long decay times - of the order of nanoseconds.

The luminescence evolution of a high growth temperature
sample (excited at 5.8 eV) is plotted in Fig. 5a. As observed in
CL (Fig. 2) and PL (Fig. 3b) such samples have significant
emission from the X230, D330, and D400 bands. It can be
observed that all emission bands have long lifetimes (the
changes with time are small) except for the initial part (about
0.2 ns) where changes are visibly faster. An example of emis-
sion from a low-t,, sample excited at a high energy of 5.8 eV is
plotted in Fig. 5b. As observed in CL and PL such a sample
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Fig. 5 TRPL spectra of two BN samples: (a) a layer grown at a high
temperature, bands X230 (at 5.4 eV), D330 (3.5-4 V) and D400 (3-3.2
eV) are visible, (b) a layer grown at a low temperature and excited at 5.8
eV (sharp C300 and C380 lines with ZPLs are at about 4.14 and 3.24 eV)
and (c) low-temperature layer and excited at 3.4 eV (only C380).

has no trace of the X230 emission but has well visible three
lines of the C300 emission. A significant decrease in the ampli-
tude with time reveals that the decay is fast. All three lines
decay at the same rate. Three C380-related lines can be seen at
3.24 eV, 3.05 €V, and 2.95 eV. At t < 0.2 ns the C380 lines are
hardly visible on the C300 background, but after 1.5 ns they
emerge from this background. This observation proves that the
C380 emission has a significantly longer lifetime than the
C300 emission. A clear image of the C380 emission was
obtained using 3.4 eV laser light, which does not excite the
C300 band (see Fig. 5c¢).

PL transients of the characteristic bands of BN are plotted
in Fig. 6a. The data were analysed by fitting theoretical curves
described by eqn (3), (4), and (5). The simplest case was for the
transient of the C380 peak excited at 3.4 eV. It was successfully
fitted with the curve given by eqn (5). The obtained lifetime
was 7 = 1.7 ns, and the width w was about 0.03 ns. In the case
of the X230, and D330 emission, their PL transients are two
exponential, so it was necessary to fit the sum of two curves
given by eqn (5) with different D and 7 values but the same
peak width w. In all cases, w was about 0.03 ns. The two life-
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Fig. 6 (a) PL transients of the characteristic PL bands (solid curves) with

fitted curves (dashed curves). (b) Decay times of the main PL emission
bands versus growth temperature. For the two exponential decays, the
longer lifetimes have been plotted. The dashed curves are given by eqn

(2).

times were assigned 75 and 7y, for shorter and longer parts.
Such an effect can be explained by the existence of two popu-
lations of centres: some of them are in the vicinity of the
surface or defects, causing a faster recombination and others
are not disturbed, therefore having longer lifetimes. These two
lines can be fitted with a non-exponential curve also resulting
from the theory of donor (D) to acceptor (A) recombination
with various D-A distances.*> The C300 line can be fitted with
a single exponential curve with 7 = 0.9 ns or a two-exponential
curve (zg = 0.4 ns and 7;, = 1.1 ns). The two-exponential curve
gives a very nice fit (see Fig. 6a), but it has two more
parameters.

When comparing the C300 and C380 sharp lines, one finds
significantly different lifetimes of about 0.9 ns and 1.8 ns,
respectively. This difference is important since it proves that
the C380 band is not a phonon replica of the C300 band. The
C300 line lifetime has already been reported as 1.7 ns (ref. 2)
and 1.1 ns.”® A line similar to C380 was reported only by Era
et al.” with a lifetime of 2 ns. Theoretical calculations predict a
lifetime of 1.2 ns for the CzCy defect.>®

As noticed in the PLE experiment, photoexcitation at the
energy of the C300 line or above also results in the excitation

9870 | Nanoscale, 2023, 15, 9864-9877

View Article Online

Nanoscale

of the C380 lines. Fig. 6a also shows the transient of the C380
line excited with 5.8 eV energy. A maximum of this transient is
delayed related to the maximum of the C300 emission and
C380 emission excited at 3.4 eV. This transient can be success-
fully fitted with the formula of eqn (4) that describes a transi-
ent caused by excitation from an exponentially decaying
source. The source parameters were taken as equal to the C300
parameters. Additional pulse excitation was also assumed,
which means that the C380 band was partially excited directly
by the laser pulse and partially by the energy from the recom-
bination of the C300 centres. It can be seen that the C380
band absorbs photons emitted by the C300 band or there is an
excitation transfer from the C300 to C380 band.

The decay times obtained by the fitting of curves described
by eqn (4) and (5) are plotted in Fig. 6b. In the case of two
exponential decays, the time of the long-living part has been
plotted. The lifetime of the high-energy X230 emission is gen-
erally longer in samples grown at higher t,,.. This observation
suggests a lower nonradiative recombination rate and thus
higher sample quality for samples grown at about 1300 °C.
The higher growth temperature most probably leads to a lower
number of point defects that are nonradiative recombination
centres. The X230 emission is probably due to stacking faults
or other extended defects,"**' so these results suggest that at
high ., extended defects form instead of point defects. The
data in Fig. 2b can be fitted by eqn (1) with activation enthalpy
AH =(—1.1 + 0.2) eV (dashed line in Fig. 6b).

In the case of the C300 band, the lifetimes are from 0.8 to 1
ns (0.9 ns on average). There is no clear dependence on the
growth temperature. Such behaviour is expected, since elec-
trons are strongly localized at these centres and are not sensi-
tive to the influence of other defects. The D330 band has quite
long lifetimes: 1.6-2.6 ns. The lifetime seems to increase with
the growth temperature and an approximated dependence is
plotted as a dashed line in Fig. 6b following eqn (1). The calcu-
lated enthalpy is AH = (—0.6 = 0.2) eV. It can be noted that
extrapolation of the D330 curve (below 1200 °C) also fits the
data points for the C300 centre, which suggests some connec-
tion between these two centres. The D400 band has lifetimes
in the range of 2-4 ns, which is significantly longer than those
in the case of the C380 band (which has a similar energy to
the D400 band).

All of the above-mentioned luminescence bands were well
visible also at room temperature, suggesting that the tempera-
ture dependence of luminescence was weak. The PL measure-
ments as a function of temperature confirmed this
observation.

The PL spectra for different measurement temperatures are
plotted in Fig. 7 and it can be seen that energies of the PL
peaks practically do not change with temperature. We can esti-
mate that the shift between helium and room temperature of
any peak is less than 15 meV. This is a small value compared
to three-dimensional materials, for example, for GaAs this
shift is 87 meV (ref. 43) and for GaN, it is 65 meV.** For the
X230 peak, an anomalous dependence - a decrease followed
by an increase - has been revealed (Fig. 7a). A similar depen-

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr00578j

Open Access Article. Published on 25 May 2023. Downloaded on 3/3/2026 10:49:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale
—
(a) I laser
1000 £ Temperature: _
3 X230 E
ER ]
e} - 4
& I ]
2
Z 100 <
2 E
A= ]
= ]
o |
10 i .
5.0 5.5 6.0
Energy [eV]
T
(b)' 5
E X230 ]
F Temperature [K]: 1
= 7
> 10 .
o] F 3
5, i 60 3
= J ]
= I
=
8 - 4
RS
| 1F =
~ : 200 3
J A 2 Y
0. 1.0 1.5 2.0
Time [ns]
r~-rr-r~r-~rrr~rrr 1 o]
() F 198 meV ]
L C300 ]
L Temperature:
_ 5K
5 1000 —— 50K 7
o 3 100K 3
=
=, [ —— 150K
iy 3 ——200K
& L ——295K
2 — 335K
= 100 4
= E
a ]

2.5 3.0 35 4.0 4.5
Energy [eV]

Fig. 7 PL spectra recorded at different temperatures: (a) a series of the
X230 peak spectra, (b) PL transients of the X230 band, and (c) the C300
and C380 defect bands.

dence was observed by Du et al.*>® The C300 line energy is prac-

tically constant up to 380 K. We suppose that such a high
thermal stability is due to a very small change of the h-BN
lattice constant,*” similarly to the case of graphite. Chichibu
et al. reported a similar low thermal dependence of the CL"’
signal. This very weak thermal dependence of luminescence
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energy can be compared with anomalous phonon behaviour
observed in BN. The EZglow phonon mode energy decreases
with temperature, while the Ezghigh mode increases its
energy.”>*! This effect is due to the thermal vibrations perpen-
dicular to the BN plane that lead to the shrinkage of the BN
lattice. Since the band gap depends on the lattice constant, the
anomalous thermal lattice dependence®® causes anomalous
energy dependence.

The changes of PL intensity are also relatively small
between helium and room temperature. The intensity
decreases about 3 times. This means that the C300 and C380
emissions have a very high internal efficiency at room
temperature.

The PL transients of the investigated defects measured at
different temperatures are plotted in Fig. 7c. The decay times
of deep defects C300, D330, C380 and D400 were nearly insen-
sitive to temperature. The long lifetimes at room temperature
indicated a very high internal efficiency of light emission. The
X230 peak decay became faster with the increase of tempera-
ture. The thermal dependence of decay time could be fitted
with the curve assuming a nonradiative process with thermal
activation energy E, = 22 meV.

Discussion

The measurements focused on five types of emissions labelled
X230, C300, C380, D330, and D400. The X230 emission shows
different characteristics than the C and D defects and follow-
ing other authors, we assume that it is most probably due to
extended defects. In the case of C and D types of emissions,
we propose that they are related to carbon impurities that are
built in during growth. The carbon impurities are expected
due to the use of B(C,H;); (TEB) molecules during the growth
of BN. The presence of carbon was confirmed by our EDX
measurements. In other reports, carbon was identified as the
main impurity in h-BN from X-ray photoelectron spectroscopy
(XPS).*® Some authors point also to other possible defects, for
example, multi-carbon defects’’*° or a carbon-vacancy
complex.*

TEB and ammonia used as the precursors of boron and
nitrogen atoms forming layers of h-BN can also react among
themselves. There are numerous possible combinations of
such reactions, and we selected the most plausible ones only.
To this end, we analysed the stability of reactants and products
for several potentially possible ways of replacement or
decomposition reactions by using the wB97XD functional*®
with the def2-TZVP basis.”” The computations were performed
with the G09 program.”® Some of the most probable reactions
are plotted in Fig. 8. It turns out that there exists one exother-
mic reaction of the double replacement type:

B(C,Hs),; + NH; — B(C,H;),NH, + C,He, AE = —1.27 €V,
(R1)

i.e. where ethane and (amino-ethylboranyl) ethane (AEBE) are
formed. A difference in the total (electronic and nuclear) ener-
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expected after build-in of C, into BN.

gies of reactants and products (i.e. the enthalpy at 0 K) of the
reaction is equal to —1.27 eV.

The reaction of this product with another ammonia mole-
cule, leading to the replacement of the second ethyl group
with the ammonia group, is also exothermic:

B(CZHS)ZNHZ + NH3 — B(C2H5)(NH2)2 + CzHe7 AE

= —0.95 eV. (R2)

Another reaction with AEBE results in the detachment of
one hydrogen molecule leading to the formation of a chain of
a boron atom and two carbon atoms connected with a double
bond:
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B(C,Hs),NH, — B(C,Hs)(C,H3)NH, + Hy, AE = +0.05 eV.
(R3)

A similar detachment with the same energetics is predicted
for the product of (R2):

B(C,H;)(NH,), — B(C,H;)(NHy), + Hy, AE = +0.05 eV.
(R4)

Therefore, one can expect the presence of these molecules
during the growth of the h-BN layer, which can lead to a modi-
fication of the desired product (e.g. the ethylene group present
in the reactions (R3) and (R4) can be built into the forming
h-BN framework, creating the CgCy defect). Other reactions of
TEB with ammonia are endothermic, but some of them need
only small energy, like:

TEB + NH; — B(C,Hs),C,HsNH, + Hy, AE = +0.79 eV. (R5)

where the ammonia molecule connects to the ethyl branch
(TEBA). Such a reaction can occur at temperatures above
1000 °C, characteristic for the BN growth. Since there is a lot
of half-products involving BN and C,, we can expect that a lot
of carbon can be introduced to BN during growth.

While searching for reaction paths and barriers, we prelimi-
narily located the saddle points with the ORCA program®
using a B97-3¢>* composite method in the def2-SVP basis set,
and then we reoptimized the configurations with Gaussian
with the same method as used for the minimal energy of the
molecule configurations.

The possible mechanism of the (R1) reaction is a two-step
process: the first step is barrierless and involves the attraction
and attachment of ammonia to TEB, giving rise to a TEB-NH;
complex with tetracoordinated boron, which is 0.47 eV more
stable than the reagents. The second step, which is performed
by a concerted elongation of the C-B bond and the donation
of a hydrogen molecule from the complexed ammonia, has a
barrier of 1.47 eV with respect to the TEB-NH; complex.

Similarly, a two-step process can be proposed for the (R2)
reaction. In the first step, an attachment of the ammonia
molecule to AEBE takes place (in this case the complex lies,
however, a little bit — of 0.13 €V - higher than reactants), and
in the second step, the ethane molecule is separated from the
complex by taking an extra hydrogen molecule from the com-
plexed ammonia with a reaction barrier of 1.62 eV.

We can conclude that the reactions are thermodynamically
possible under the conditions in a reactor, at temperatures
above 1000 °C.

Calculations of the thermodynamics of carbon defects
show that the formation energy of single carbon in BN is
much higher than the formation energy of CzCy, so whenever
carbon is present during the growth of h-BN, a pair of carbons
should be a common defect.>® Based on ab initio emission
energy calculations®” the most probable explanation for the
C300 defect is the carbon dimer in the shape of two closest
boron and nitride substitutions 1,2-CzCy (see Fig. 8b). Such a
defect can be caused by partial incorporation of AEBE (reaction
(R1), Fig. 8a). This configuration is the simplest and most
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tightly bound. Similar identification was proposed in other
reports too.'*?>2%2%53 Wwe think that it is the most probable
identification; however, other propositions were also pub-
lished, for example, a single Cy defect®®*® or a Cy-Vy
complex.®

The C380 defect has a slightly lower energy than C300, but
it has a similar dependence on the growth temperature and a
similar PL lifetime to C300, so it has probably a similar origin
to C300. We propose that the C380 defect may also be formed
by two carbon atoms in boron and nitrogen positions;
however, not by the next neighbours, but by a 1,4-CgCy defect
for which two carbon atoms are at the opposite sides of a BN
hexagon (see Fig. 8c). Moreover, the expected energy of the 1,4-
CgCy defect was calculated to be about 1 eV lower than the
1,2-CpCy defect,”” which fits well to the C300-C380 energy
difference. Such a defect can be caused by the partial incorpor-
ation of TEBA (reaction (R5), Fig. 8a). However, there are a lot
of other possible configurations of carbon defects that could
be related to the plethora of lines observed in BN at lower
energies.?”**

In samples grown at high temperatures (¢, > 1200 °C) the
lines related to the colour centres are replaced by broad defect
bands D330 and D400 (width of about 1 eV). These bands have
similar central energies but they extend over a large energy
range. It can happen that the similarity of energies is acciden-
tal and C and D centres have different chemical origin.
However, such hypothesis is the least interesting one.

We propose (see Fig. 9) that C bands are internal transitions
of some localized centres Cx — C,, while D bands emerge
from transitions between external donors D, and the localized
centres responsible for the C lines, D¢, — Cy. The sharp lines
are direct in real space. Broad bands come from the recombi-
nation between two distant centres, so they are strongly influ-
enced by potential fluctuations. The potential fluctuations
would change the energy randomly, making the line much
broader. The recombination over a long distance is possible
for centres with a large radius of the wave function, which
means that it occurs for shallow centres. This hypothesis pro-
poses that the final state is the same. The final state has a low

CB with fluctuations

—“+—

VB with fluctuations DOS

Fig. 9 Scheme of the transition explaining the emission of the C and D
bands.
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energy, so its wave function is localized and not very sensitive
to changes of the crystal structure. If the ground state is the
same for C and D transitions, it is enough to assume that the
energy of the excited state Cx is very close to the conduction
band minimum, in order to explain why the energies of the
D-band are similar to the C lines. However, it is not clear why
the excited state has an energy similar to the conduction band
energy and why the localized excited states vanish in samples
grown at high temperatures. A few hypotheses are possible:

The first explanation would assume that at higher tempera-
tures, samples have less donor defects, so the Fermi level is
low. If the Fermi level were low, the ground state in the dark
would be empty, so no internal excitation would be expected.
The CgCy'"° ionization level was calculated to be about 0.8 eV
above the valence band, which means that the ionization
hypothesis is quite probable. However, this hypothesis does
not explain why the excited state has an energy similar to the
conduction band energy.

The second hypothesis suggests that the C300->D330 trans-
formation is due to natural defects or even cubic BN (c-BN),
since it was published that it is the most stable phase of BN
below 1392 °C.** Our XRD measurements (as well as Raman
and IR spectroscopy>***) did not show the c-BN phase;
however, the peaks are very broad and we cannot exclude the
nanocrystals of ¢-BN. So it may be that the sharp lines are
from c-BN, but since such lines were observed also in samples
that are of pure h-BN,? this hypothesis has low probability.
Moreover, as shown in Fig. 4, the C300 and C380 lines have a
spectrum of phonon replicas exactly matching the h-BN
phonon density. But some imperfection can be involved in the
origin of these lines which leads to the third hypothesis.

The third and in our opinion the most probable hypothesis
is based on a strongly disordered, turbostratic (t-BN) structure
of samples grown at low temperatures. In such structures the
flakes of BN are twisted and positioned nearly randomly.
Instead of AA’ or AB configuration one can expect different
angles of layer-to-layer alignment leading to moiré-like effects.
In such situations, boron atoms of one BN layer can be placed
above the boron atoms of other BN layers. Such stacking
would cause repulsion of layers. The BN layers could not stack
exactly one above another, so one can expect even voids
between flakes or at least a weaker interaction between the BN
layers. Similar decoupling was observed in graphene.> It
could happen that there exists an excited state that is localized
in a single layer of BN and it becomes degenerate with the con-
duction band in the bulk material, so it vanishes when BN is
well ordered. This hypothesis naturally explains why at a
higher temperature, with a better BN structure, the sharp lines
vanish and are replaced by a broad band with similar energy.

The influence of neighbouring layers has some support in
the literature,*®”” for example, Du et al.>” noticed that exfolia-
tion changes the BN band gap and can influence the donor-
acceptor recombination. Based on cathodoluminescence and
high-resolution transmission electron microscopy, it was
reported lately®® that twisted BN flakes emit strongly in the UV
region (stronger than aligned flakes). Theoretically, the influ-
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ence of neighbouring flakes on defects was studied in
works. 4?8

In ref. 14 a theoretical study of the influence of the second
layer on the properties of various defects, including the dicar-
bon defect, has been performed using the time-dependent
density-functional theory (TD-DFT) with a functional based on
the CAM-B3PLYP functional® (for details, see the reference
above). Using the same transition density matrices (TDMs), as
obtained in this paper and utilizing the methodology of
Plasser and Lischka,®® we performed a more detailed analysis
of the character of the first excited state, which for the case of
the AA’ bilayer has an excitation energy of 4.88 eV for a bilayer
of two clusters: one with the 1,2-CgCy defect and another
without any defect, see Fig. 10a. If atoms of this species are
divided into three sets: (1) “defect”, i.e. both carbon atoms and
four adjacent B and N atoms, (2) “wrapper”: the remaining
atoms of the same layer, and (3) “sheet2”: all the atoms from
the second layer, then the electron-hole correlation plot for
this state looks like that presented in Fig. 10. It is clearly seen
that although the main part of the excitation remains within

hole

defect wrapper sheet2

A
0.5
defect
0.4
5 0.3
+ |wrapper 0.2
3 :
© 0.1
sheet2 0.0
Y |
Fig. 10 (a) The bilayer model with the 1,2-CgCy defect and (b) the elec-

tron—hole correlation diagram for the first excited state of this model
(the darker cell of the diagram — the higher transition density).
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the defect and its close environment, there is a relatively large
“defect”-to-“sheet2” contribution (top-left element of the plot),
which is responsible for the charge-transfer effect from the
defect to the second layer.

Since disorder in the turbostratic material creates many
shifts in layering resulting in partial decoupling of layers
where the interaction between the BN layers may be weak, it
can happen that the excited state exists in its localized form
only in such circumstances. In the ordered material, grown at
a high temperature, the influence of neighbouring layers leads
to delocalization of the excited state, so the C300 and C380
lines vanish and are replaced by delocalized transitions D
(Fig. 9). The assumption of the nearly-degenerate state also
explains why the excited state has the energy similar to the
conduction band energy.

Conclusions

The luminescence of MOVPE grown hexagonal BN has been
measured in the ultraviolet (PL up to 5.8 eV, CL up to 7.7 €V)
range and several defect-related emission bands have been
observed and analysed. The brightest band is observed at
about 300 nm (marked C300, with a zero-phonon line, ZPL, at
4.14 eV) and is composed of several strong lines. We have also
found a similar band consisting of multiple sharp lines with a
ZPL at 3.24 eV, labelled as C380. Due to these narrow lines, the
emission is similar to the color centres observed in other wide
band-gap materials. We propose that the C300 and C380 lines
are related to 1,2-CgCy and 1,4-CCy defects, respectively. The
C300 lines are the brightest ones but are somehow mysterious
since they vanish in the high-t,, samples. It means they are
absent in samples that have better structural properties as
revealed by XRD and SEM and they are present mainly in
samples grown at low temperatures (fz < 1200 °C). We have
found that in samples grown at higher temperatures the lines
related to colour centres are replaced by broad defect bands
D330 and D400 (widths of about 1 eV). The C lines are most
probably the internal transition of carbon-related defects. The
D bands have similar central energies to C bands but a vastly
extended energy range, so we propose that the D bands are
due to the recombination from some shallow defects to the
deep ground state of the CyCg defect. The transition from
sharp to broad lines is due to the delocalization of the excited
states of the CyCp defect caused by the close alignment of BN
layers in a material with a well-ordered structure.

The lifetimes of luminescence bands in different BN
samples have been determined in the range from 0.03 ns
(X230), 0.9 ns (C300), 1.8 ns (C380) to 4 ns (D400). The X230
and D330 lifetimes increase with the growth temperature,
which indicates lower nonradiative recombination and a better
structure of the high-temperature BN layers.

The temperature dependence of luminescence energy is
rather weak. Up to room temperature the peak position of the
excitonic emission X230 changes only by 15 meV and for the C
and D lines almost no change is observed. So the high thermal

This journal is © The Royal Society of Chemistry 2023
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stability is due to a very small change of the h-BN lattice con-
stant. The long lifetimes at room temperature indicate a very
high internal efficiency of light emission.

The colour centre luminescence and its dependence on the
growth temperature (revealed by our research) are one of the
fundamental properties that have to be understood for future
applications. Our work shows that by changing the growth
temperature one can strongly influence the emission spectrum
of deep defects, which shows that defect properties are tune-
able in MOVPE grown BN. If our hypotheses are correct these
lines can serve as markers for carbon content and can also be
important for different applications. For example, in opto-
electronics, such bright lines can be used in LEDs and also in
devices based on single photon emitters® or spin effects, and
in neutron detectors,® these lines can be efficient scintillators.
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