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A B S T R A C T   

AlN ceramics samples, pure and doped with Y2O3, Eu2O3 and GaN, and produced from the same AlN powder, 
were studied for photoelectric effect, photoluminescence spectra and kinetics and thermoluminescence under 
irradiation with UV light from above- and below-bandgap spectral region. Common properties of all studied 
samples were found, such as presence of the complex UV-Blue and Red emission bands in PL and TL emission due 
to oxygen-related defects and manganese impurities, correspondingly; a new emission band at 320 nm, which is 
present in PL and absent in TL emission spectrum and is assigned to an oxygen-related centre; luminescence 
decay comprised of superposition of exponents of various duration from nanoseconds to hundreds of minutes. 
Among the studied samples the dopant-related luminescence was observed only in AlN:Eu2O3 at 525 nm. No 
effect of the dopants on fading rate of the stored TL signal was observed. Such properties of the PL and TL as 
luminescence intensity and relative contribution of the emission bands manifested by individual samples were 
explained by influence of the dopant type and ceramics sintering procedure on generation and recharging of the 
intrinsic and impurity defects.   

1. Introduction 

Aluminum nitride AlN is a wide band semiconductor (Eg = 6.2 eV) 
with wurtzite structure possessing a number of properties advantageous 
for practical application, which explains a wide interest among re-
searchers to this material. Pure and doped AlN was studied for potential 
application as UV light detectors [1,2], ionizing radiation and UV light 
dosimeters [3–8], persistent luminophores [9] and others. AlN was 
studied in the form of single crystal, polycrystals, ceramics, powders and 
various nanostructures in order to understand the basic processes 
induced by different types of irradiation, particularly luminescence 
mechanisms, and elucidate the material’s potential for practical appli-
cation. Luminescence properties of AlN are determined by presence of 
uncontrolled impurities and intrinsic defects, the main role played by 
oxygen-related defects. Often the nominally pure AlN raw material 
contains also manganese ions in negligible number, which, however, 
efficiently manifest themselves in luminescence of the produced prod-
ucts. Doping of AlN inserts additional impurity defects into material 
making the process of interaction of radiation with matter ever more 
complicated, but in the same time arousing new useful properties and 
bringing new opportunities for practical application. 

In our previous works [6, 7 and references therein] we have studied 
ceramics of nominally pure AlN. It was found that this material possesses 

a number of very attractive dosimeter features retrieved by TL and OSL 
methods, such as a higher sensitivity and large linear dynamic dose 
range under ionizing radiation and UV radiation, negligible influence of 
the heating rate on the TL response, spectral sensitivity to UV radiation 
close to that of human skin, TL/OSL emission in the visible spectral 
region, suitable for most of the light detectors and others. However, 
practical application of AlN dosimeter properties is hampered by high 
fading rate of the stored signal observed at RT, which is ascribed to 
tunnel recombination processes due to localised transitions between 
donor-acceptor pairs [10] associated with oxygen-related defects. In the 
present paper we study AlN ceramics with different dopants, which 
could diminish the fading rate of the irradiation-induced stored signal. 
For specific reasons the following dopants were chosen: 1) Y2O3, which 
is a good sintering aid and influences amount and distribution of oxygen 
impurity centres in the AlN grains during ceramics production, thus 
potentially affecting oxygen-related luminescence and trap centres, be-
sides it does not manifest itself in luminescence [7]; 2) Eu2O3, a rare 
earth impurity, providing a characteristic luminescence centre in visible 
region and cited as a TL booster [11]; 3) GaN, proposed in small amount 
as an agent for the band gap engineering of AlN [12], producing AlGaN 
with the reduced band gap, enveloping the shallow traps responsible for 
the fading of the stored signal. Doping of these impurities in the AlN 
lattice could have effect not only on dosimetric properties of AlN, such as 
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fading of the TL signal, but also on luminescence properties. 
In the present paper we have tried to establish regularities of the 

processes induced by irradiation with UV light from the above- and 
below-bandgap spectral region, which are common for the pure and 
doped AlN ceramics, and to clear up the role of the used dopant impu-
rities on particular manifestations of these processes in doped AlN ce-
ramics. For this purpose the phenomena of photoelectric effect, 
photoluminescence and thermoluminescence observed in pure and 
doped AlN under irradiation with UV light, were studied. 

2. Experimental 

2.1. Sample preparation 

AlN ceramics samples, both nominally pure and doped with Euro-
pium, Yttrium and Gallium ions, produced in various combinations and 
sintering conditions were studied. Here we publish results of the 5 
typical samples, revealing the most intensive luminescence signal under 
UV light irradiation. For production of doped AlN samples AlN macro 
powder (20–80 μm, high purity, STREM Chemical Inc) was mixed with 
Y2O3 2 wt% (purity 99.9%, Fluka), or Eu2O3 (purity 99.9 Fluka) or GaN 
(purity 99.9, Alfa Aesar) powder using Fritsh grinding apparatus. The 
press form with dia 20 mm filled with powder mixture under a certain 
pressure was heated up to 1700 ◦C for 3–10 min in a spark plasma sin-
tering apparatus SPS-825 CE, Syntex Inc. The obtained cylindrical 
ceramic samples were cut into 8 × 8 × 1 mm pieces for easy inserting 
into analysing apparatus. X-ray diffraction analyses implemented by 
XRD apparatus 8 Advance, Bruker AX, was used to determine ceramics 
phases and crystallite size, which was found around 55–65 nm for all 
samples. The samples with dopants contained a small amount of phases 
different from AlN. For the sake of convenience the samples are given 
short designations: P1 and P2 for pure AlN ceramics, and Y, E and G, for 
the AlN-Y2O3, AlN-Eu2O3 and AlN-GaN, correspondingly. The samples 
P1, Y, E and G are produced in similar conditions, P2 differs from P1 
mainly by the pressure used. The XRD analysis has shown that amount of 
secondary phases in either ceramic sample does not exceed 2%. The 
parameters of the samples described in this study, are shown in a 
Table .1. 

2.2. Methods and equipment 

Various physical processes induced by UV light irradiation were 
studied for AlN ceramics samples: photoconductivity (PC), photo-
luminescence (PL) and thermoluminescence (TL). 

2.2.1. Photoelectric effect 
Photoconductivity of an insulator or a wide band semiconductor can 

be measured using a specific method described previously in our papers 
for silica and LiGaO2 [13,14]. In the present study the AlN ceramic 
sample was attached to a holder, while a silver electrode connected 

sample’s upper surface was connected to a dynamic capacitor elec-
trometer VA-J-52. The photoelectric response from an electrometer was 
read by a voltmeter Agilent connected to a computer. Two types of 
excitation light sources were used: ArF (193 nm) and KrF (248 nm) la-
sers, with 5 mJ and 5 ns pulse, model PSX-100 (Neweks, Estonia) and a 
deuterium discharge lamp with MgF2 window conjugated with inter-
ference filters or with a vacuum monochromator 0.5 m Seya-Namioka 
type, equipped with a spherical grating (2400 l/mm). In the case of 
the deuterium lamp excitation shutters were used to provide Π-shaped 
light pulses. 

2.2.2. Photoluminescence 
Two different experimental set-ups were used for PL measurements.  

1. Edinburgh Instruments spectral system with FLS1000 Spectrometer 
(model: FLS1000-DD-stm) equipped with CW 450 W Xenon lamp 
(model: Xe2) and cooled photomultiplier tube (model: R928P) for 
detection of luminescence signal. It was used for emission and 
excitation spectra measurements at room temperature.  

2. Self-made set-up for PL spectral and kinetic measurements at RT and 
liquid nitrogen temperature (80 K), containing a mini-spectrometer 
Hamamatsu C10082CAH with a CCD camera. Light from a sample 
was collected with a toroidal mirror and focused on an optical fiber. 
ArF and KrF pulse lasers were used for the PL excitation. The light of 
lasers scattered by the sample was cut off by a filter. PL decay ki-
netics curves were measured with a photomultiplier tube (H6780- 
04) and an oscilloscope Picoscope 2208. The oscilloscope was started 
by luminescence signal using the sufficiently high discrimination 
level (~2 V), so that neither photomultiplier noise signal, nor dark 
current could trigger the detection start. Decay curves were recorded 
with PicoScope 6 program on a computer. The decay curves, as a 
rule, are strongly non-exponential, the decay time constants were 
estimated at the beginning and the end of a decay curve, taking 
tangent to a curve of dependence “ln (Intensity) versus time”. The 
measured spectra as well as decay curves were smoothed using least 
square fit procedure. 

2.2.3. Thermoluminescence 
The TL measurements were done with Lexsyg Research TL/OSL 

reader (Freiberg Instruments, Germany) with the integrated Hamamatsu 
photomultiplier tube R13456, (spectral range of 185–980 nm), and in-
tegrated irradiation sources. The instrument was upgraded so as to use 
also UV light excitation from solid-state laser 263 nm (50 μJ, pulse 
duration <10 ns) through an optical fibre. Some TL measurements were 
done also after irradiation with the ArF laser (193 nm, 5 mJ, pulse 
duration 5 ns). TL glow curves were measured at heating rate of 1 K/s, 
up to maximum temperature of 700 K, maintaining 10 min delay after 
irradiation in order to decrease the afterglow influence. TL emission 
spectra were measured using Andor SR-303i-B spectrometer (150 lines/ 
mm, 500 nm blaze) with DV420A-BU2 CCD camera coupled to Lexsyg 
TL/OSL reader with Ultra low-OH Molex optical fibre. 

3. Results 

Here we present results of study of physical processes induced by 
irradiation with UV light in five AlN ceramic samples, which differ by 
presence of dopants and sintering procedures: undoped (P1 and P2), and 
doped AlN-Y2O3 (Y), AlN-Eu2O3 (E) and AlN-GaN (G) samples. Letters in 
parentheses are the designations, used in this article, see Table 1. For 
these samples we have studied the processes of photoluminescence, 
including PL emission and excitation spectra and kinetics, thermolu-
minescence, including TL glow curves and TL emission spectra, and 
photoconductivity. 

Table 1 
Designations and sintering parameters of the used AlN ceramic samples.  

No. 1 2 3 4 5 

Designation in this 
paper 

P1 P2 Y E G 

Dopant; wt% – – Y2O3; 2  Eu2O3; 1  GaN; 2  

Sintering 
temperature, oC 

1700 1700 1700 1700 1700 

Sintering time, min 10 5 10 10 3 
Sintering pressure, 

MPa 
30 65 30 30 30 

XRD phase, 
(secondary 
phase) 

AlN AlN AlN, 
(Al5Y3O12) 

AlN, 
(Al2EuO4) 

AlN, 
(Al5O6N) 

Density, g/mm3 3.17 2.81 3.26 3.20 3.04  
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3.1. Photoluminescence 

3.1.1. PL spectra 
In our previous studies of AlN ceramics we have mentioned that 

typical PL emission spectra contained a broad complex UV-Blue band in 
the 300–550 nm region and a Red band at 600 nm [6, 7 and references 
therein]. Dependence on excitation wavelength allowed to distinguish 
constituents of the UV-blue band as the UV band at around 400 nm and 
the Blue band at 480 nm bands (in some publications the maxima values 
are slightly shifted). Origin of the 400 and 480 nm bands is connected 
with oxygen-related defects (VAl-ON) [15–17] and (VAl-2ON) [18], while 
the 600 nm band is ascribed to Mn2+ emission [19–21]. 

In order to make the vision of the spectra easier, PL emission spectra 
of each sample are given individually: Figs. 1–5 depict the normalised PL 
emission spectra of the samples P1, P2, Y, G, E, correspondingly. The 
integral spectral PL response under excitation 250 nm from the samples 
G: Y: P1: E: P2 varies in the proportion: 1 : 2.4: 3.1 : 3.7: 6.4. 

In general, the AlN ceramic samples under investigation (except the 
sample E, where Eu2+ emission band dominates in the PL spectrum) 
demonstrate structure of the PL spectra, which is similar to the previ-
ously known and contains of the UV-Blue and Red bands. In the same 
time new spectral features and regularities have been found. 

The newly discovered feature is the appearance of the 320 nm 
emission band, which is the best pronounced for samples P1 and G, and 
particularly under excitation with xenon lamp at 280 nm and ArF laser 
(193 nm), see Fig. 1, curves 2, 3 and Fig. 4, curves 2, 3. For the better 
presentation of the emission spectral structure an example of an emis-
sion curve fitting by combination of Gaussian bands is shown in Fig. 1 
for the sample P1, curve 2. 

PL spectra of all samples contain the subbands at 320, 400, 480 and 
600 nm with different contribution yield, which determine the PL 
emission spectrum of a particular sample. These emission bands are 
characterised with the individual excitation spectra, shown in Fig. 6: the 
320 nm emission is characterised with a band peaking at 280 nm, the 
400 nm band has an excitation spectrum with an intensive band at 250 
nm and a tail up to 360 nm, the 480 emission is excited in the main band 
peaking at 280 and a weak band around 350 nm, while the 600 nm 
emission is excited in two bands – at 260 and 400 nm. 

Presence of Y2O3 and GaN dopants does not cause appearance of new 
emission bands connected with foreign impurities, see Fig. 3 for the 
sample Y and Fig. 4 for the sample G. In the same time AlN doping with 

Eu2O3 arouses a strong band at 535 nm (see Fig. 5), assigned to Eu2+

emission [22,23]. It is excited in a broad band with maximum 360 nm 
(Fig. 6, curve 5). 

Interesting effects are observed under PL excitation with the ArF 
laser with wavelength 193 nm, corresponding to the above band gap 
spectral region in AlN. In the samples with weak luminescence intensity 
under this type of excitation the Red band is almost not observed (P1 – 
Fig. 1, curve 3; Y – Fig. 3, curves 3,4; G – Fig. 4, curve 3; E − Fig. 5, curve 
3), and only in the P2 sample with high luminescence intensity the 600 
nm emission is well pronounced under the laser irradiation (Fig. 2, 
curves 3,4). On the contrary, the 320 nm band is pronounced very well 
under laser irradiation in the P1, Y, G and E samples, but in the P2 

Fig. 1. PL emission spectra of P1 sample at 80 K excited with xenon lamp at 
250 nm (1), 280 nm (2), and with ArF laser at 193 nm (3). Dash-dot curves 
show fitting of the curve (2) by Gaussian bands. 

Fig. 2. PL emission of P2 sample excited with xenon lamp at 250 nm (1), 280 
nm (2) and with ArF laser at 193 nm (3) at RT; and with ArF laser at 193 nm at 
80 K (4). 

Fig. 3. PL emission of Y sample excited with xenon lamp at 250 nm (1), 280 nm 
(2) and with ArF laser at 193 nm (3) at RT; and with ArF laser at 193 nm at 80 
K (4). 
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sample it becomes noteless due to the overlapping by the very intensive 
400 nm band. In the E sample laser excitation produces both intrinsic 
bands 320, 400, 480 and Eu emission band 535 nm, which is dominant, 
and overlaps the Red band. 

3.1.2. Photoluminescence kinetics 
PL kinetics were measured for the 400 nm and 600 nm emission 

bands for all the studied AlN samples using pulse lasers ArF (193 nm) 
and KrF (248 nm) in different time ranges at RT and 80 K. For the sake of 
brevity a more detailed description will be given for the case of P2, 

which is characterised with the highest PL intensity among others. 
The 400 nm emission kinetics is characterised by a superposition of 

exponents in a broad time range - beginning from nanoseconds (not 
shown graphically) to minutes. Fig. 7 shows PL decay curves in the 
microsecond range. It is seen that the shape of the decay curves is almost 
the same for both excitation sources and both temperatures used, decay 
times can be approximated as ~0.2 μs + ~10 μs. 

Fig. 8 gives PL decay curves in microsecond range for the 600 nm 
emission band. Here the fast component is followed by almost horizontal 
line, corresponding to a single exponent τ ~10 ms, especially well 
pronounced at RT (curves 3 and 4). 

The difference between PL decay curves of the 400 and 600 nm 
emission bands is well seen in the millisecond range, given in Fig. 9 for 
excitation with the ArF laser (193 nm). The double logarithm plot shown 
in the insert, allows proposal that the 600 nm emission band’s decay 
could be approximated with a single exponent τ ≈ 10 ms, whereas the 
400 nm band’s decay is characterized with a superposition of exponents. 

The samples P1, Y and G possess the PL kinetic properties similar to 
those of the mentioned P2 sample. It is confirmed by the PL decay curves 
shown for the 400 nm emission band in these samples (Fig. 10) and the 

Fig. 4. PL emission of G sample excited with xenon lamp at 250 nm (1), 280 
nm (2) and with ArF laser at 193 nm (3) at RT. 

Fig. 5. PL emission of E, excited with xenon lamp at 250 nm (1), 280 nm (2) at 
RT and with ArF laser at 193 nm (3) at 80 K. 

Fig. 6. Excitation spectrum at RT for selected emission wavelength (samples): 
1–320 nm (P1), 2–400 nm (P2), 3–480 nm (P2), 4–600 nm (Y), 5–530 nm (E). 

Fig. 7. P2 sample kinetics in the microsecond range of the 400 nm band under 
laser excitation 248 nm (1) and 193 nm (2) at 80 K; 248 nm (3) and 193 nm (4) 
at RT. 
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600 nm band (Fig. 11), obtained under irradiation with the 193 nm laser 
at 80 K. Here we should remind that in the P1, Y and G samples the Red 
band is very weak and overlapped by the UV-Blue band, that is why the 
decay curves do not follow strictly the behaviour of the 600 nm band of 
the P2 sample. 

In the sample E, decay kinetics was measured in the well pronounced 
emission band 525 nm, assigned to Eu2+ 5d-4f transition [11] under 
excitation with the 193 and 248 nm lasers at 80 K. From Fig. 12 it is seen 
that PL decay is faster under 193 nm excitation compared to that of 248 
nm. Estimated superposition of decay constants in the mentioned time 
scales is 0.1 μs + 5 μs +100 μs + 7 ms versus 0.3 μs + 7 μs + 150 μs + 24 
ms, under the 193 nm and 248 nm lasers irradiation, correspondingly. 

3.2. Thermoluminescence 

The thermoluminescence response of the samples P1, P2, Y, G and E 
to UV light irradiation was measured after dosing with the lasers 193 nm 
and 263 nm in the similar experimental conditions. TL glow curves and 
TL emission spectra were measured. 

Tl glow curves obtained after irradiation with the ArF laser (193 nm), 
Fig. 13, and the solid state laser (263 nm), Fig. 14 are similar, with slight 
variations in curve shape and relative yield of individual samples. In 
both cases the thermal glow curves have peaks around 390 K. This result 
is similar to our previous TL measurements of AlN-Y2O3 ceramics, where 
after 240–250 nm irradiation TL peak was observed around 370 K; while 
irradiation at 350 nm gave TL curve maximum at 550 K [5]. Recently 
similar TL curves peaking at around 350 K were obtained in AlN mi-
crocrystals after UV irradiation at 260 nm [24]. From the TL glows 
curves it is seen that doping with Y2O3, Eu2O3, GaN gives no sufficient 
effect on shifting of the TL glow peak to higher temperatures, that means 
that fading of the UV-light induced stored TL signal has not improved. 

Fig. 8. P2 sample kinetics in the microsecond range of the 600 nm band under 
laser excitation 248 nm (1) and 193 nm (2) at 80 K; 248 nm (3) and 193 nm (4) 
at RT. 

Fig. 9. P2 sample 193 nm laser excited PL kinetics in the millisecond range for 
luminescence 400 nm at 80 K (1); 400 nm, RT (2); 600 nm, 80 K (3); 600 nm, 
RT (4). Insert – the same dependences in the double logarithm plot. 

Fig. 10. PL kinetics of the emission band 400 nm of the samples P1, P2, Y and 
G at 80 K, excited with the 193 nm laser (193 nm). 

Fig. 11. Kinetics of the emission band 600 nm of the samples P1, P2, Y and G at 
80 K, excited with the 193 nm laser (193 nm). 

Fig. 12. Kinetics of 535 nm band of the E sample in millisecond range at 80 K, 
excited with lasers 193 nm (1) and 248 nm (2). Insert: the same dependences in 
microsecond range. 
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In general, the TL emission spectra after laser irradiation 193 nm 
(Fig. 15) and 263 nm (Fig. 16) are similar; they consist of the broad UV- 
Blue and Red emission bands. The UV-Blue band is composed of the 400 
and 480 nm subbands, whereas no evidence of the 320 nm subband 
contribution is seen at either irradiation wavelength. It is proved by 
fitting with combination of Gaussian bands, shown in Fig. 16 for the TL 
emission of the sample Y. In the TL emission spectra induced by irra-
diation with 193 nm, the relative contribution of the Red band is larger 
than in the case of irradiation with the 263 nm laser. Presence of a very 
weak Eu2+ ion emission in the E sample determines the slight red shift of 
the UV-Blue bands peak in the TL emission spectrum, see Fig. 15. In the 
paper [11] TL emission spectrum from AlN:Eu2O3, also contained only 
the intrinsic luminescence bands, while europium emission was 
negligible. 

The largest TL response is obtained from the sample Y, which out-
performs by several times the signal from other samples under the same 
irradiation/reading conditions, whereas in PL the most intensive lumi-
nescence signal was obtained from the sample P2. 

Comparing contribution of the 400 and 600 nm bands to the 

emission spectra under the above- and below-band gap excitations for 
the studies samples, the difference can be seen in the PL and TL cases, 
moreover, it varies with the samples studied. The example of the Y 
sample is the most illustrative: in the PL emission spectrum (Fig. 3) the 
Red band is dominant under 250 and 280 nm excitation, and negligibly 
small under 193 nm excitation; on the contrary, in the TL emission 
spectrum the contribution of the Red band is dominant compared to the 
400 nm band after 193 nm irradiation (Fig. 15), and is much smaller 
after 263 nm irradiation (Fig. 16). 

3.3. Photoconductivity 

We have found that the studied samples demonstrate the photo-
conductivity under irradiation with UV light. Fig. 17 shows the photo-
electric signal under the Π shape irradiation with the 193 nm laser for 
the samples P1, G and Y. During irradiation the photoelectric signal 

Fig. 13. TL glow curves of the P1, P2, Y, G and E samples after irradiation with 
the 193 nm laser, taken for the integral emission 300–700 nm, irradiation and 
delay time 10 min. 

Fig. 14. TL glow curves of the P1, P2, Y, G and E samples after irradiation with 
the 263 nm laser, taken for the integral emission 300–700 nm, irradiation 60 s, 
delay 10 min. 

Fig. 15. TL emission spectra of the P1, P2, Y, G and E samples after irradiation 
with the 193 nm laser, taken at 390 K, irradiation and delay time 10 min. 

Fig. 16. TL emission spectra of the P1, P2, Y, G and E samples after irradiation 
with the 263 nm laser, taken at 390 K, irradiation 60 s, delay 10 min. Dash-dot 
curves show fitting of the curve Y by Gaussian bands. 
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either decreases (P1 and Y) or increases (G). After ceasing of irradiation 
the photoelectric signal decreases with a slow relaxation time, which 
takes hundreds of seconds. The same phenomenon was observed also for 
other samples. 

By means of the example of the G sample (Fig. 18) it is shown, that 
photoelectric signal is aroused by different UV wavelengths, including 
the above-band gap region (193 nm, or 6.42 eV), band edge (200 nm, or 
6.2 eV), and below-band gap region (254 nm, or 4.88 eV), the latter 
corresponding to defect excitation. Since different light sources were 
used for illumination, the intensity of the signals cannot be compared. 
Similarly, in all studied pure and doped AlN ceramic samples the pho-
toelectric effect is observed under illumination with UV light corre-
sponding to above- and below-bandgap spectral region. 

4. Discussion 

In the present paper the specific dopants of AlN ceramics: Y2O3, 
Eu2O3, GaN were used in order to study their influence on the fading rate 
of the UV-light induced TL signal. The TL glow curve characteristic for 
pure AlN ceramics after irradiation with 193 or 263 nm, begins at RT 
and peaks at about 390 K. Such low-temperature position of the TL glow 
peak facilitates the uncontrolled fading of the stored TL signal. If 
introduction of impurity ions could shift the peak position to higher 

temperatures, the TL signal would become more stable during storage 
time. Though the essential change of the TL curves, and hence, 
improvement of the dosimetric properties were not obtained, the 
experimental results presented above allow judge about the physical 
processes occurring in AlN ceramics samples under UV radiation and 
about the role of the dopants in their manifestation. 

In this study we have used UV light sources with wavelengths, 
matching the above-bandgap region (ArF laser 193 nm, or 6.43 eV) and 
below-bandgap spectral region (KrF laser 248 nm, or 5 eV; solid state 
laser 263 nm, or 4.71 eV, as well as UV lamps with filters or a mono-
chromator). We have confirmed that in all studied AlN ceramics samples 
irradiation with UV light in the above-band gap spectral region produces 
free charge carriers, which are responsible for photocurrent, recombi-
nation photoluminescence, and are trapped at the trap centres, thermal 
release from which gives thermoluminescence. UV light irradiation with 
the below-band gap energies, corresponding to absorption of defects, 
arouses luminescence of the defect centres and their ionization, 
providing free charge carriers, which in their turn also determine PC, PL 
and TL. Let us discuss in details the novel aspects of the processes 
induced in doped AlN ceramics under UV irradiation. 

4.1. Photoconductivity 

AlN is a wide band gap material with good insulating properties and 
a high breakdown field. Photoconductivity has been observed in this 
material, when it is in the form of thin films [25] or nanowires [26,27] 
and illuminated with below-band gap wavelengths. In the case of high 
quality defect-free AlN nanowires [28] the photoelectric effect was 
observed under the above-band gap illumination (193 nm laser) with a 
sharp cutoff of the response at 208 nm. To our best knowledge, in the 
present work for the first time we have demonstrated a photoelectric 
effect occurring in pure and doped AlN ceramics under irradiation with 
light from both above- and below-bandgap region, arousing 
band-to-band transitions, and ionization of the defect centres, corre-
spondingly, both processes providing appearance of free charge carriers 
in material. Study of the photoconductivity in AlN ceramics is at the 
initial stage and needs additional efforts, which will show the effect of 
particular dopants on parameters of the photoeffect. 

4.2. Nature of the luminescence centres and luminescence mechanisms 

In our previous paper we have proposed that the broad UV-Blue 
band, observed in PL, afterglow and TL emission spectra of AlN ce-
ramics is mainly due to tunnel recombination in two types of donor- 
acceptor pairs: (VAl-ON) + ON and (VAl-2ON) + NN (unknown donor), 
providing the 400 and 480 nm emission subbands, correspondingly [7, 
10 and references therein]. The charging state of the oxygen-related 
centres was not specified. According to Ref. [24] charge carrier trap-
ping centres are based on nitrogen vacancies VN. Positions of the lumi-
nescence subbands are not strictly fixed, they depend on form of AlN – 
thin film, nanostructure or powder, on concentration of the oxygen in 
the sample [15,16], and on the intensity of the excitation light [10]. 
Besides, presence of luminescence bands of other centres in the same 
spectral region is also possible. Thus, luminescence of F-center type 
defects based on VN in AlN nanopowder was reported in Ref. [29]. The 
abundance of possible luminescence centres in UV-Blue range in AlN 
and their variable position makes the interpretation complicated. 

The authors of the recent paper [30] proposed the possibility of 
thermal equilibrium coexistence of two different charging states of 
oxygen-related defects (VAl-ON)2- and (VAl-ON)1-; (VAl-2ON)1- and 
(VAl-2ON)0. In the same time one of the centres - (VAl-2ON)0 with the 
predicted luminescence around 4.0 eV (310 nm) was not found 
experimentally. 

In the present work we report about the newly found 320 nm 
emission band in pure and doped AlN ceramics. Similar emission band at 
320 nm under 280 nm excitation was found also in AlN: SrF2 ceramics 

Fig. 17. Photocurrent signal under irradiation with the ArF (193 nm) laser for 
the P1, G and Y samples. Start/End of irradiation is shown by ON/OFF. 

Fig. 18. Photocurrent signal in the sample G under irradiation with lasers: 193 
nm (1), 248 nm (2); and deuterium lamp with interference filters 200 nm (3), 
254 nm (4). Start/End of irradiation is shown by ON/OFF. 
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[31], and assigned by the authors to Sr-induced defects. However, 
presence of the 320 nm emission in pure and doped with various im-
purities AlN ceramics speaks in favour of the intrinsic nature of this 
band. In terms of the concept of coexistence of two different charging 
states of oxygen-related defects and basing on the above mentioned 
experimental results, we propose the interpretation of the newly found 
emission band at 320 nm (3.87 eV), as the emission from (VAl-2ON)0 

center, whereas the 480 nm subband, as before, is ascribed to (VAl-2ON) 
with a specified charging state (1-): (VAl-2ON)1-. The following experi-
mental facts support this idea: 1) the 320 emission band occurs under 
excitation with light from the above-bandgap region and at the 280 nm 
(Fig. 1, curves 3,4,5), which coincides with the excitation of the 480 nm 
band (Fig. 6); 2) the 320 nm band is not observed in TL emission spectra 
(Figs. 17 and 18). These facts can be explained by recharging of some of 
the (VAl-2ON) centres from the (− 1) to (0) state during appearance of 
electron-hole pairs under band-to-band irradiation and during ioniza-
tion process under 280 nm excitation. The reverse recharging process 
from (0) to (− 1) state occurs during heating and release of the trapped 
charge carriers, destroying the (VAl-2ON)0 centres, which, as a result, are 
absent in the TL emission. As for the (VAl-ON) centres, responsible for the 
400 nm subband in AlN ceramics, their charging state remains unknown 
at the present moment. 

The mechanism of luminescence, responsible for the 400 nm band, 
was proposed in Refs. [7,10], as radiative tunnel recombination of the 
donor-acceptor pairs (DAP) with random separation distance, where 
(VAl-ON) after ionization plays the role of acceptor, and ON with a 
captured electron on it serves as a donor. The tunnelling probability is 
inversely proportional to DAP separation distance, the closer pairs 
recombine faster, the more distant – more slowly. This concept 
explained properties of the 400 nm band revealed in PL (blue shift of the 
peak with increase of the excitation density), afterglow (red shift with 
delay time) and TL (red shift with temperature rise). Luminescence 
decay of such process should be comprised of superposition of expo-
nents, corresponding to the set of DAP separation distances. 

Indeed, our present measurements show, that the 400 nm band’s 
decay constants vary from a very fast component, which is not longer 
than several nanoseconds, up to very slow components, manifesting 
themselves in the afterglow and lasting up to hundreds of minutes. 
Similar observation of AlN decay times are found in literature: the PL 
fast decay components in the range of nanoseconds were observed in 
Refs. [32,33], while the slow afterglow decay constant about 600 s was 
detected also in Ref. [34]. The present PL decay kinetics measurements 
involve microsecond and millisecond scale. The complicated 
non-exponential (or exponent superposition) luminescence decay of the 
sample P2 is seen under the 193 and 248 nm pulse excitation, both at RT 
and 80 K in millisecond range (Figs. 7 and 9). In the insert of Fig. 9 the 
double logarithm plot is shown together with the decay fitting consti-
tuting t¡1 and t¡0.9 for the ArF laser excited 400 nm emission at 80 K 
and RT, correspondingly. According to Ref. [35] the luminescence decay 
law with exponents ranging from − 0.95 to − 1.5 is typical for tunnel 
recombination of partner centres with random distribution. PL decay 
kinetics, measured for P1, Y and G samples practically coincides with 
that of P2, as it is seen from Fig. 10. Presence of dopants in AlN does not 
influence behaviour of the luminescence decay. In general, the PL ki-
netics obtained confirms the concept of the 400 nm band as arising from 
radiative tunnelling of DAP with random separation distances. 

The Red emission centered at 600 nm is another band, usually pre-
sent in AlN materials, which are produced from the commercial powder. 
It arouses from the 4T1(4G) → 6A1(6S) transitions of Mn2+ ion [9], pre-
sent in AlN as uncontrolled impurity in negligible concentration. 
Luminescence decay of this band also contains components of different 
duration, beginning from nanoseconds and lasting for hours. Very slow 
red luminescence, demonstrated by AlN:Mn allows proposal of this 
material as a red persistent luminescence phosphor for practical appli-
cations [9]. An example of the decay constant in the intermediate time 
scale was presented by Ref. [36] as τ = 1.18 ms. Our results also showed 

a set of different components in Mn luminescence decay, among them, 
however, decay curves in 1 ms scale deserve a special attention (see 
Fig. 8), where 600 nm emission decay curves under the 193 and 248 nm 
excitation at RT and 80 K after initial fast component are presented with 
almost horizontal lines, approximately estimated by a single exponent τ 
≈ 10 ms. In Fig. 9 and its insert the difference in behaviour with the 400 
nm band is seen. The 600 nm curves’ tails are approximated by t− 1.4 (at 
80 K) and t− 1.5 (at RT) law. Such power coefficients also correspond to 
the tunnel recombination behaviour [34]. We propose that in the time 
scale up to 10 ms the Red luminescence decay corresponds to intracenter 
transitions. Longer components of luminescence decay are determined 
by the delayed excitation of manganese ions either by low probability of 
tunnelling recombination with a distant partner (similarly to the 400 nm 
band), or isothermally stimulated luminescence. The final stage of the 
Red luminescence recombination process, of whatever duration, always 
ends with the intracenter luminescence, as it is confirmed by the lumi-
nescence afterglow spectra, never changing its shape with the delay 
time, contrary to the 400 nm band, which demonstrates a red shift [7]. 

Intensity of the Red emission band in P2, Y and G samples excited by 
the 193 nm laser is low, but still it is seen that the corresponding decay 
curves are similar to that of the P1 sample (Fig. 11). 

The sample E, AlN:Eu2O3, is the only one among the studied samples, 
where dopant ion provides its own luminescence. According to litera-
ture, PL from AlN:Eu should demonstrate 5d-4f transitions of Eu2+ (520 
nm), 5D0→7F2 (610 nm) - transitions of Eu3+ and 5D0→7F4 (700 nm) - 
transitions of Eu3+ [11]. In our sample we observe only the 525 nm band 
due to Eu2+, while the weak Eu3+ bands are not resolved, probably, due 
to overlapping with the manganese-induced Red emission band (Fig. 5). 
The 525 nm emission is excited in a broad excitation band centered at 
360 nm (Fig. 6) and also in the above band gap spectral region. Kinetics 
of the 525 nm band was measured at 80 K under excitation with the 
lasers 193 and 248 nm in the microsecond and millisecond time scales 
(Fig. 12 and insert therein). It is seen that luminescence decay is faster 
under the 193 nm excitation than under the 248 nm excitation, and both 
curves are nonexponential. KrF laser wavelength 248 nm hits the tail of 
the Eu2+ excitation band (230–470 nm), and in the same time corre-
sponds to excitation of the 400 nm emission band, which could be 
reabsorbed, due to overlapping with the broad Eu2+ excitation band. 
The reabsorption of the 400 nm emission excited by the 248 nm laser, 
may be the cause of the delayed luminescence compared with that 
excited by electron-hole pairs produced by the 193 nm laser. Similarly to 
the 400 and 600 nm bands luminescence emission from Eu2+ at 525 nm 
also obtains persistent character at longer decay times. 

Though all the studied AlN ceramics samples are produced from the 
same raw material, their luminescence properties, such as the PL and TL 
intensity and mutual relation of the emission bands vary from sample to 
sample. This observation refers also to the pure AlN samples P1 and P2, 
which have the same composition but distinguish in sintering procedure: 
PL intensity of P2 is twice as large as that of P1, mostly on the account of 
the larger 400 nm emission band and the better pronounced 600 nm 
band. The samples P1, Y, G and E are sintered according to the same 
identical procedure and distinguish in impurity additives. 

Doping with Eu2O3 provides appearance of the impurity emission 
(Eu2+ gives 525 nm band), which is very strong in PL and weak in TL 
emission spectra. No additional features are observed in the TL glow 
curves, that means that no additional trapping centres are generated by 
doping of this impurity. 

Adding of Ga impurity even in a small amount (2 wt%) strongly 
suppresses the PL and TL intensity. Analogous effect was observed in 
Ref. [37], where doping of γ-Al2O3 with Ga reduced luminescence of CH 
defect centre by several times. Authors explained this effect by 
appearance of characteristic gallium level near the bottom of the con-
duction band, thus reducing the band gap and overlapping with the 
excited state level of the luminescence centre. Similarly, in AlN adding 
of Ga ions could have caused reduction of the band gap and overlapping 
with the excited state of the oxygen-related luminescence centre, 
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responsible for the 400 nm band. No effect on the charge carriers trap-
ping levels was observed. 

Yttrium impurity provides the highest TL intensity among other 
samples. The favourable role of Y2O3 in homogenous distribution of the 
oxygen centres in AlN micrograins during sintering of AlN ceramics was 
observed in early publications [7, and references therein]. Isolated 
grains of secondary phase of Al5Y3O12 are formed, draining the excess 
oxygen from AlN grains. Yttrium containing grains do not participate 
directly in PL and TL, all luminescence processes take place in AlN 
grains. 

We may conclude that both sintering procedure and doping of the 
AlN ceramics influence generation of the oxygen-related centres of 
various types as well as their charging states, manifested as 320, 400 and 
480 nm emission bands. Concentration of manganese ions is the same in 
all the studied samples; however intensity of the manganese-related Red 
band in PL and TL emission spectra differs. It implies that charging state 
of the manganese ions are also affected by sintering procedure and 
doping character. 

5. Conclusions 

In the present study we have investigated several AlN ceramics, 
produced from the same AlN powder, both pure and doped with Y2O3, 
Eu2O3 and GaN. Photoluminescence spectra and kinetics, thermolumi-
nescence and phoconductivity under the above- and below-band gap 
excitations were studied. The main conclusions may be summarized as 
following:  

1. In pure and doped AlN ceramics a photoelectric effect is observed 
under irradiation with UV light from the above- and below-bandgap 
spectral regions, confirming generation of free charge carriers.  

2. In all samples the photoluminescence and thermoluminescence 
emission spectra contain the complex UV-Blue band, consisted 
mainly of 400 and 480 nm subbands, assigned to recombination 
luminescence with participation of oxygen-related centres, and the 
Red band peaking at 600 nm, assigned to uncontrolled manganese 
impurities. In the AlN:Eu2O3 sample an additional band at 525 nm is 
observed due to Eu2+ radiative transitions.  

3. In all samples a novel band at 320 nm is found, which is present in PL 
under the 193 and 280 nm excitation, and is absent in TL. It is pre-
liminary ascribed to recombination luminescence with participation 
of (VAl-2ON)0 centres.  

4. In all samples photoluminescence kinetics shows that emission of all 
luminescence bands has a complicated behaviour, characterized by 
superposition of exponents of different duration, varied from nano-
seconds to hundreds of minutes. The set of varied time constants is 
determined by probability of tunnel recombination with partner 
centres at different separation distance and by recombination with 
charge carriers isothermally liberated from the traps. 

Decay characteristics of the 400 nm band confirm the concept of the 
tunnel recombination of the donor-acceptor pair with random distri-
bution of separation distance. Analysis of the 600 nm band’s behaviour 
allows proposal that in the microsecond time scale luminescence decay 
is determined by Mn2+ intracenter transitions, while at longer time 
scales the tunnel recombination processes are determinant. Basing on 
decay characteristics of Eu2+ emission an assumption is done concerning 
the 400 nm emission reabsorption by the europium ion under the 248 
nm excitation.  

5. The differences in the PL and TL intensities and relative contribution 
of the UV-Blue and Red bands observed in the studied samples are 
explained by influence of sintering procedure and doping impurities 
on generation of the oxygen-related centres of various types and 
charging state of intrinsic and impurity defects. No effect of the used 

dopants on the TL glow curve peak, and hence on the TL signal fading 
rate, was observed. 
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