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Samples of boron nitride (BN) in the form of an exfoliated monolayer, epitaxial layers grown on sapphire, and
a powder with micrometer grains were studied in a luminescence experiment connected with irradiation of samples
with X-rays. The luminescence excited with photons with the wavelength of 488 nm was shown to span over a broad
band from a filter cut-off at 550 nm to about 850 nm. The intensity of luminescence showed a monoexponential
decrease both before and after irradiation with X-rays, but this dynamics slowed down after irradiation to an extent
dependent on the X-ray dose. This indicates possible application of BN in dosimetry of X-rays. An influence of
sapphire substrates on photoluminescence dynamics was also studied. We show that this influence is very strong
in the case of layers with thickness of a few nm and can be disregarded when the thickness is equal to a few tens

of nm.
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1. Introduction

Boron nitride has been known since its first synthe-
sis in 1842, but nowadays has become one of the most
intensively studied semiconductor for modern optoelec-
tronics. One of the reasons is that its hexagonal form
(h-BN) suits very well as a substrate for graphene and
other two-dimensional materials [1, 2]. This useful fea-
ture is even further strengthened by a large band gap
of BN (equal to about 6.4 eV) which allows using it as
a transparent substrate for blue optoelectronics. Boron
nitride crystallizes in different forms, of which hexago-
nal [3, 4] and cubic [5, 6] attract the most vivid interest.
In this paper we concentrate on hexagonal BN only.

There are a few reasons which directed us towards the
studies presented in this paper. First, the Faculty of
Physics, University of Warsaw, is one of a few experimen-
tal centres at which BN is grown with an metal organic
chemical vapour deposition (MOCVD) and it is interest-
ing to test its properties by different techniques. Second,
some epitaxial layers exhibit a broadband photolumines-
cence (PL) with a spectrum covering almost the full range
of visible light. This PL is tentatively attributed to de-
fects and it is interesting to verify whether X-ray photons
influence the PL; and if they do, whether the changes are
temporary or permanent. This could shed some light on
the nature of defects involved in the PL. Third, it was
found that irradiation of BN layers with electrons leads to
changes in the Raman or PL spectra and it was our aim
to verify whether similar changes can be generated with
X-ray photons. Next, we wanted to check whether boron
nitride could be used as a dosimetric material working on
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the principle of optically stimulated luminescence (a dosi-
metric method which relates changes of luminescence in-
tensity to absorbed dose of radiation [7]). Once boron
nitride-based devices become reality in future electron-
ics, dosimetric properties of this material could be ad-
dressed to estimate radiation doses absorbed by people
in massive nuclear or radiation accidents.

The basic outcome of our study is the following: the
most consistent results have been obtained on powdered
samples which can be proposed as a dosimetric material;
the Raman spectra do not reveal changes related to irra-
diation with X-rays, and irradiation with X-ray changes
a long-term dynamics of the lumienscence to an extent
dependent on the time of exposition to X-rays.

2. Experimental techniques

Beside sapphire substrates, three types of BN samples
were studied: an exfoliated monolayer, epitaxial layers
grown with an MOCVD, and a commercially available
microcrystalline powder. All samples showed a hexago-
nal BN structure as revealed with X-ray diffractometry.
Observation of PL was carried out in an experimental
system presented schematically in Fig. 1. In the case
of epitaxial layers and sapphire substrates, the samples
were attached to a gold-metallized support with copper
wires (acting as a kind of little springs) and placed in
a focal point of a laser beam. In the case of BN powder,
we used aluminium plates with a drilled hollow in which
the powder was placed. The exfoliated monolayer was
attached to a copper plate and suspended over a hole
(the diameter of 1 mm) drilled in the plate. We used
one of the lines of of Ar™ laser with the wavelength equal
to 488 nm. The laser excitation beam passed through
an interference filter which eliminated plasma lines form
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Fig. 1. A scheme of the experimental setup (top);
a time sequence of luminescence—X-rays—luminescence
measurements (bottom).

the exciting light. The luminescence was collected by
a lens and focalized on an entrance aperture of an opti-
cal fibre. A long-pass filter (with the edge at 550 nm)
was used to cut-off the laser light from the spectrometer.
A special care was taken to eliminate any material (plas-
tic, glues) which could be a source of unwanted lumi-
nescence. Intensity of the laser was monitored during
the experiments (by reflected a small part of the beam
towards a power meter), although it was not registered.
We observed that variations of the laser intensity were on
the level of a few percent which cannot explain long-term
changes observed in photoluminescence intensity. The lu-
minescence was registered with an OceanOptics HR 4000
spectrometer.

The experimental system described above was con-
structed around an X-ray diffractometer based on
a Cu K, tube which generated photons of the energy
equal to 8 keV. The X-ray beam passed through a collima-
tor and showed a diameter of about 1.5 mm at the sam-
ple. Once placed in the experimental system, the sample
was left untouched until the end of measurements. This
experimental arrangement allowed to keep the sample be-
fore and after irradiation at the same position and thus
to eliminate possible changes of PL signal resulting from
samples’ non-uniformity.

The experimental procedure consisted of three steps.
The first one was collecting the PL signal during one
hour after putting the sample in the experimental system.
The second one was exposing the sample to X-rays during
a time T'x, with the laser off. The final one was collecting
the PL signal again during one hour after X-ray tube
was turned off. A diagram of the time sequence of these
events is shown in Fig. 1. Luminescence spectra were
collected in periods of 1 min or 20 s, depending on the
intensity of the signal.

This procedure was applied because after first trials
we realized that the luminescence intensity decreased in
time even without any X-ray irradiation. Also, in spite
of the fact that we paid a high attention to keep the sys-
tem as mechanically stable as possible, we were not quite
sure that no accidental vibrations affect the results. Such
vibrations could have been caused by circulating water
(a cooling system of the tube) or by opening and closing
the shutter of the tube (which was done with an electri-
cally controlled mechanism). Thus, we decided that it is
the dynamics of the luminescence decrease in time rather
than its intensity which can give a reliable information
about the influence of X-rays on the photoluminescence.

A general difficulty in drawing a conclusion about the
influence of X-rays on the photoluminescence comes from
the fact that excitation with a laser light changes the in-
tensity of PL. That is why we had to exclude a simple
experimental procedure in which one repeatedly irradi-
ates the same sample with X-rays and excites the lumi-
nescence. For, in such a case, one could never be sure
if observed effects (e.g., a decrease of the PL intensity)
results from X-rays or the laser light. In such a situation,
to observe an influence of longer and longer times of irra-
diation with X-rays, we had to start each time with a new
sample. It appeared that it was only possible in the case
of BN powder because we could prepare many samples,
nominally identical. That is why the most informative
data refer to powder samples.

3. Results and discussion

We adopted the procedure described above to three
epitaxial layers which differed only by the thickness d of
BN: d = 5 nm, 20 nm and 80 nm. After preliminary mea-
surements which gave somehow non-consistent results on
such samples, we decided to test the sapphire substrates.
We found that the luminescence of the substrate behaves
in a way similar to BN epitaxial layers, i.e., it decreases
in time of excitation with the laser beam. A careful look
at PL results on substrates and epitaxial layers showed
that for thin layers, PL is strongly influenced by the lu-
minescence of the substrate and only for the thickest
layer one could say that the observed PL comes from
the layer itself. For these reasons we consider results
obtained on epitaxial layers as non-conclusive. Never-
theless, we verified that the Raman spectra on epitax-
ial layers before and after 3 h of irradiation with X-rays
were the same.
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Fig. 2. (a) PL spectra on a sapphire substrate. Bot-
tom to top: the first PL spectrum before X-rays (" = 0),
the last PL spectrum before X-rays (7" =1 h), the first
(T'=1h+ Tx) and thelast (T'=1h + Tx + 1 h) spec-
trum after X-rays (T’x = 3 h in this case). The spike
corresponds to a luminescence from residual Cr impu-
rity. (b) PL spectra on an 80 nm-thick epitaxial layer
of BN on a saphire substrate. Ordering of spectra is the
same as in the left part. In both figures the spectra are
vertically shifted for better visibility.

As an example, we present in Fig. 2 results on a sub-
strate which was kept in a MOCVD reactor during a ther-
mal heating phase preceding the growth of BN, but was
removed from the reactor before BN growth started.

One can see that irradiation with X-rays change essen-
tially the spectrum. Similar changes were observed on
epitaxial layers on the substrate. Due to a wide band-gap
of BN, epitaxial layers are transparent both to the excit-
ing photons and to the luminescence. That is why in the
case of thin epitaxial layers we observed mainly X-rays-
induced changes coming from the substrate, not from
a BN layer. However, a layer of 80 nm, presented on the
right in Fig. 2 seems to cover changes induced by the sub-
strate (this was not the case for thinner layers for which
changes characteristic to the substrate were observed).
For this reason, future studies on epitaxial layers should
be carried out on layers even thicker than 80 nm studied
in this work.

A typical dynamics of the luminescence measured on
a BN powder is shown in Fig. 3. Each point on this

curve is an integral of a PL spectrum in the range
550-850 nm. Thus, the curve shows an overall dynamics
of the photoluminescence. Similar curves were obtained
in other cases. We found that this dynamics could be
well described with a single exponent with a characteris-
tic time 7. Since the main influence of X-rays on photolu-
minescence was found in the value of 7, we had to verify
that 7 did not depend on the time of measurements of
the photoluminescence. The results are shown in the in-
set to Fig. 3, where one can check that the integral of
luminescence follows a single exponential decrease over
the period of at least 6 h, a time three times longer than
that used in measurements scheme described in Fig. 1.
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Fig. 3. A decrease of the integral of PL spectrum of

a powdered sample after irradiation with X-rays during
1 h. The inset shows a 6 h-long dynamics of PL on
a powder which was never X-rays irradiated. Thin lines
show a fit with a monoexponential function.
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Fig. 4. A dynamics of PL in powdered samples before
and after irradiation with X-rays. The time of irra-
diation (Tx) is given in the figure. The values are
normalized to the PL value measured during the first
minute. By additional calibration measurements we es-
timate that during one hour of irradiation with X-rays
a dose of 12 mGy is absorbed in the powder).
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Fig. 5. Characteristic times of monoexponential de-

cays of luminescence obtained from fitting as a function
of the time of X-rays-irradiation.

A PL dynamics for different powder samples irradi-
ated by X-rays during the time T'x is presented in Fig. 4,
while the time constants 7 determined from fitting are
collected in Fig. 5. One can notice that the characteristic
times for the dynamics before irradiation (open squares
in Fig. 5) are somehow scattered but can be approxi-
mately described with 7 = (22+ 2) min. The charac-
teristic time after irradiation does not change during the
first hour but then it grows rapidly and seems to decrease
to the starting value after about 6 h of irradiation.

Since the energy of photons used to excite the lumi-
nescence in the present experiments (2.54 €V) is much
smaller than that of the band gap of BN (equal to about
6.4 €V), the luminescence observed is solely related
to traps (of unknown nature). The results presented
in Fig. 5 suggest that X-rays first activate traps which are

initially not active in PL (a rapid increase of 7) and then
deactivate them (a decrease of 7 with time of irradia-
tion). Let us also note that dynamics of the exfoliated
monolayer did not change after 3 h of irradiation (trian-
gles in Fig. 5) which could suggest that the monolayer
is free from the traps influencing the photoluminescence
in the powder.

4. Conclusion

We have shown that the photoluminescence from pow-
der of BN is sensitive to X-ray irradiation and the best
way to observe this influence is to trace dynamics of
a decrease of PL with time before and after irradiation.
We can propose that this material could potentially show
dosimetric applications for low doses of X-rays.
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