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X-ray radiation excited ultralong
(>20,000 seconds) intrinsic phosphorescence in
aluminum nitride single-crystal scintillators
Richeng Lin1,4, Wei Zheng 1,4✉, Liang Chen2,4, Yanming Zhu1, MengXuan Xu3, Xiaoping Ouyang2 &

Feng Huang 1✉

Phosphorescence is a fascinating photoelectronic phenomenon usually observed in rare-

earth-doped inorganic crystals and organic molecular crystals, owning great potential in

optical information storage, color display and biological dosimetry. Here, we present an

ultralong intrinsic phosphorescence (>20,000 seconds) in AlN single-crystal scintillator

through X-ray excitation. We suggest that the long afterglow emission originates from the

intra-band transition related to native nitrogen vacancy. Some excited states formed by

absorbing X-ray photons cannot satisfy the parity difference between initial and final states

required by transition selection rule, so they cannot return to the ground state directly

through radiation transitions but through several phonon-assisted intra-band transitions

slowly. During this process, a long-term broad-spectra phosphorescence emission is formed.

Investigating the X-ray excited phosphorescence emission in the AlN is of great significance

to understanding the mechanism of phosphorescence in inorganic materials, and to realizing

the practical applications in high-energy ray dosimetry.
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Special radiative transition pathways, such as agminated
triplet-state exciton recombination in organic molecular
crystals, make the long-living excited-state electrons

realize radiative recombination for persistent phosphorescence,
with important application prospects in color display, optical
information storage, and bio-imaging1–5. Long-term phosphor-
escence is usually found in rare-earth-doped inorganic crystals
and metal-free organic molecules, benefiting from its special
configuration of electronic structure to achieve the phosphores-
cence mechanism6–10. However, current phosphorescence emis-
sion from extrinsic rare-earth element and organic component is
challenged in duration11–13. Faced with these obstacles, the
intrinsic luminescence originating from native defects or formed
excitons in inorganic materials shows greater potential for the
both stable and ultralong phosphorescence emission14,15.

In an inorganic semiconductor, light emitting usually is
obtained by direct radiative transition from excited states to
ground states, which are typical band-edge transitions and strict
correspondence to the transition selection rules2,16,17. There is
another case where the excited state and ground state have the
same parity, and then the direct transitions between them are
forbidden. However, through phonon-assisted transition process,
it is possible for the transitions to be achieved17–21. In these
situations, the electronic transition is usually similar to that of
triplet excited (T1) excitons, which is expected to obtain the
persistent phosphorescence.

Aluminum nitride (AlN) is well known as an inorganic semi-
conductor with an ultrawide bandgap of about 6.2 eV, and its
properties of phosphorescence, photoluminescence (PL), and
thermoluminescence (TL) have attracted much attention22–29.
Here we present an ultraviolet (UV) ultralong intrinsic phos-
phorescence (UIP; >20,000 s) of AlN single crystals (SCs) under
X-ray excitation. Theoretical investigations show that the elec-
tronic structure configuration of AlN with nitrogen vacancy
(VN) can make above persistent phosphorescence mechanism be
satisfied. For the AlN SCs, the absorption of X-ray photons
produces abundant high-energy unsteady excited electrons. Due
to quantum selection rule, the excited electrons relax to ground
state through phonon-assisted transitions and in-band multi-
process transitions by emitting persistent phosphorescence30. All
the above investigations of X-ray excited UIP in AlN SCs helps to
understand the quantum mechanism of UIP in inorganic semi-
conductors and to further realize the practical applications in
high-energy ray dosimetry31.

Results
X-ray-excited phosphorescence in AlN SCs. The AlN SCs used
in all experiments are grown by a high-temperature (2200 °C)
physical vapor transport (PVT) method32. Due to such high
temperature, it is difficult to obtain high-quality defect-free
crystals, and that is why they are always accompanied by various
defects such as aluminum vacancies (VAl), nitrogen vacancies
(VN), and oxygen substitutional impurity (ON)33–37. AlN is a
typical polar semiconductor, which makes the tendency of pro-
duced defects different along crystal orientation, or in other
words, the required formation energies required by defects are
different38–40. The N atoms are usually used as end-capping
atoms along [001] orientation, which can produce VN defects on
the crystal face along [001] orientation under high-temperature
growth condition33. Therefore, the obtained AlN SCs usually
show a pale-yellow color. The X-ray diffraction (XRD) pattern
of AlN SCs (Fig. 1a) shows strong characteristic diffraction
peak (002) with obvious accompanying kα 2 peak and narrow
full width at half maximum (FWHM; ~0.03 degree, fitted with
a Gaussian function), indicating that the crystal possesses

single-crystal quality along c orientation. The inset shows a
photograph of the AlN SC with a large diameter of about
15 mm and yellowish color. Under 193 nm ArF laser excitation,
the PL spectra of the AlN SC shows an obvious band edge
emission at 208 nm (~5.96 eV, Supplementary Fig. 1a) at room
temperature22,32,40–43. In Supplementary Fig. 1b, the Raman
spectra shows vibration modes of phonons at 248 cm−1 (E2(1)),
658 cm−1 (E2(2)), and 912 cm−1 (E1(LO)) with a 488-nm laser as
excitation at room temperature. The FWHM of E2(2) mode is
4.59 cm−1, which demonstrates the high crystalline quality of the
AlN SCs44.

For inorganic materials, defects will also give rise to fluore-
scence and phosphorescence emission45. In one case, compared
with the direct radiative transition in band to band, there is one
more relaxation process to trap carriers added to the in-bandgap
defect transition, which makes the time of defect-related
fluorescence emission longer than that of band-to-band fluores-
cence emission in most time. In another case, when the excited
electrons are in trapped state for a long time and they cannot be
transited back to the ground state directly, then they will be
stored. The electrons in the trapped state are excited by additional
energy, and then recombine to emit phosphorescence. Such a
mechanism can be described by a typical phosphorescence model;
in displacement coordinates, ground state (S0) electrons are
excited into singlet excited state (S1). The electrons in S1 state also
can transit to triplet excited state (T1) by obtaining an intersystem
crossing energy of ΔE. The transitions from S1 to S0 usually emit
fluorescence (Flour.) and thermal-active delay fluorescence, as
well as the long-living phosphorescence (Phosph.) from T1 to S0
(see Fig. 1b).

In Fig. 1c–e, the PL spectra of AlN SC with turning on/off X-
ray excitation show that the AlN SC has an obvious long-living
UV phosphorescence. Under continuous X-ray excitation, the
AlN SC shows two emission peaks located at UV (center
wavelength about 352 nm) and yellow (607 nm) regions,
respectively. When the X-ray source is turned off for 3600 and
7200 s, the crystal still shows obvious 24 and 15% of the original
UV emission, respectively. The inset illustrations show optical
photographs of the phosphorescence of AlN collected by a UV-
sensitive intensified charge-coupled device (iCCD). In Fig. 1f,
both the time evolution of UV and the yellow emission are well
fitted with exponential decay function.

Temperature effect of the phosphorescence. In Fig. 2a, the time-
dependent spectra show that the crystal still has obvious UV
emission after 20,000 s when the X-ray source is turned off.
The decay of yellow emission is faster than that of the UV
emission. According to the PL spectra (Fig. 2b), the crystal has a
distinct UV emission after 7200 s, while the yellow emission
almost disappears. In Fig. 2c, both of the decay curve of UV
and yellow phosphorescence can be well fitted by the bi-
exponential decay function, from which a fast time constant
(τ1Yellow ¼ 258:4 ± 18:7 s, τ1UV ¼ 636:4 ± 19:8 s) and a slow time
constant (τ2Yellow ¼ 6919 ± 2114:4 s, τ2UV ¼ 6095:9 ± 503:2 s) can
be extracted; the time constants indicate that the excited carriers
are relaxed by two different radiation recombination paths by
producing the phosphorescence. To quantitatively characterize
the phosphorescence, a persistent time (Td) is defined as the time
interval during which the emitting intensity decreases from 100 to
10%. Calculation shows that the Td of UV and yellow phos-
phorescence in AlN SCs are 9360 and 4320 s, respectively, from
which it can be obviously concluded that the UV phosphores-
cence shows a longer Td than that of yellow phosphorescence,
indicating a more significant weight of slow radiation recombi-
nation component in UV phosphorescence.
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Temperature-dependent PL spectra are used to further
investigate the phosphorescence properties of AlN SCs. Under
X-ray excitation, the crystals have a strong UV emission at low
temperature (50 K), while the yellow emission is difficult to be
observed (Fig. 2d). Besides, FWHM–temperature curve of the
emission peaks (Fig. 2e) shows a reducing tendency with
increasing temperature. Noticeably, different from conventional
emissions from band-to-band transition and bound excitons, the
emitting intensity in X-ray-excited AlN’s phosphorescence is
enhanced with increasing temperature (Fig. 2f). This temperature
effect indicates that the emissions may be involved in the thermal-
related (phonon-assisted) radiation transition. By investigating the
phosphorescence, it can be found that, 2 min later after turning off
X-ray excitation, the emission shows the same temperature-
dependent effect (Fig. 2g–i), and the thermal-related radiation
transition is also verified46. In temperature-dependent Raman
spectra, a slight red shift and a broadened FWHM of the E2(2) and
E1(LO) modes (Supplementary Fig. 2) are also observed, indicating
a remarkable thermal-related lattice vibration in AlN SCs.

Mechanism of the phosphorescence. Under X-ray and 266 nm
pulse laser excitation, the AlN SCs show strong UV and yellow
emissions, which can be fitted to extract two components
(Fig. 3a). As is known, AlN is a typical ultrawide bandgap SC with
a bandgap of about 6.2 eV. Theoretically, the energy of excitation
source should be greater than the bandgap, and thus the valence
band electrons can be excited to conduction band effectively. The
two emission also can be produced under 266 nm (~4.66 eV) laser
excitation, indicating that there may be defect energy level in the
bandgap. The role of defects also is investigated by density
functional theory calculation introducing potential point defects
(Supplementary Fig. 3), including VN, VAl, ON, and couple of VAl

and ON
34,36. In Fig. 3b, the VAl introduces an acceptor energy

level near the valence band maximum (VBM), and the VN defect
introduces two donor energy levels near the conduction band
minimum (CBM) and an acceptor energy level near the VBM.
Something worthy of attention is that the energy between two
donor energy levels and acceptor energy level is in good agree-
ment with the energy of UV (~3.52 eV) and yellow (~2.05 eV)

(002) c-plane AIN SC

36 37 38 39 40

0.0

0.5

1.0

In
te

ns
ity

 (
a.

 u
.)

In
te

ns
ity

 (
a.

 u
.)

In
te

ns
ity

 (
a.

 u
.)

In
te

ns
ity

 (
a.

 u
.)

2θ (degree)

607 nm

E

a b

c

e

f

d

In
te

ns
ity

 (
a.

 u
.)

200 300 400 500 600 700 800 900

Wavelength (nm)

Decay time (s)

0 3000 6000

0

50

100

150

200

250

0

50

100

150

200

250

0

50

100

150

200

250

0

50

100

150

200

250

S1

T1

S0

Configuration

E
xcitation P

ho
sp

h.

F
lo

ur
./T

A
D

F ΔE

(001)

(110)

352 nm

Fitting
Fitting

0 s
X-ray on

3600 s
X-ray off

7200 s
X-ray off

Fig. 1 Crystal structure and phosphorescence of AlN SCs. a XRD pattern of AlN SC shows obvious characteristic (002) peak (kα 2 peak). The insets show
the crystal structure viewed on (110) and (001) faces; N atoms and Al atoms are in orange and blue, respectively. The optical photograph shows a sample
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emissions, indicating that the emission can be attributed to the
radiative transition from donors to acceptors.

In the energy band structure and partial density of states of
AlN with VN, N 2p orbits obviously contribute to valence band,
conduction band, and even donor and acceptor energy level
(Fig. 3c). Usually, the direct transitions between N 2p orbits will
be forbidden because of their same parity. According to the
quantum theory of optoelectronics, the parity of initial orbit and
final orbit of electrons should be changed when the transition
occurs. Therefore, the electron transition of p-to-p orbits is
usually forbidden, which stops the excited electrons on N 2p orbit
from being directly transited to ground state on N 2p orbit.
Considering the momentum selection rule, only the excited
electrons those satisfy both momentum and parity conditions can
realize direct transition.

Figure 3d shows the energy band diagram, which depicts the
mechanism model of phosphorescence caused by native VN

defects in AlN SCs. By absorbing high-energy X-ray photons,
electrons in inner valence band are excited to the high-energy

states of conduction band. A part of excited electrons can rapidly
fluoresce by allowing direct radiative transitions, as such fast
fluoresce exhibit strong self-absorption effect. There are still
many unstable excited state electrons in N 2p orbit of the donor.
The excited N 2p electrons can finally recombine with those
holes trapped in N 2p+Al 3p orbit of the acceptor by absorbing a
phonon or extra perturbation energy. Such recombination of p–p
orbital electron–hole pairs forming stable triplet excited state
excitons due to orbital parity rule can produce an effective
persistent phosphorescence2,21. For the AlN SCs, the presence of
VN provides the electronic structure configuration that leads to
the UV ultralong (352 nm, >20,000 s) phosphorescence.

Defect and spectral analysis. In the aspect of semiconductor
fabrication techniques, annealing in source atmosphere is usually
regarded as an effective method for reducing defects. Based on
this method, high-temperature N2 annealing is used to reduce the
VN defects of AlN SCs on crystal surface. The PL spectra excited
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by 266 nm laser after annealing shows an obvious decrease in the
intensity of UV and yellow emission of the crystal (Fig. 4a).
Under 325 nm excitation, the crystal only has yellow emission. In
Fig. 4a, the PL spectra under different excitation present a rea-
sonable variation that the UV emission disappears under 325 nm
excitation, which is consistent with the calculation of VN defect
energy level. Notably, the radiative transitions under low-energy
(much less than X-rays) excitation are quite fast, which explains
that the absorption transition strictly follows the quantum
selection rule under low-energy excitation (see Supplementary
Fig. 4). The excited-state electrons are allowed for direct radiative
transition. After high-temperature N2 annealing, the transmission
spectra of AlN SCs show no obvious change, and the differential
transmittance is shown in the inset (in Fig. 4b). Two variations of
slope are presented in the spectra, indicating that the crystals
should have two different edges of absorption. The energies of
calculated absorption edge are also consistent with the results of
the spectral and theoretical calculations above, corresponding to
the two defect energy levels.

The analysis of elements and chemical bonds configuration
after high-temperature surface treatment is performed by using
an X-ray photoelectron spectroscopy (XPS), as shown in
Supplementary Fig. 5. Generally, the photoelectronic spectra is
strongly correlated with its chemical atomic state, so the XPS
spectra is a useful tool for elemental analysis of crystal surfaces. In
Fig. 4c, the elemental statistics of AlN SCs with high-temperature
N2 annealing show that the atomic proportion of VN is
significantly reduced after N2 annealing. For a detailed investiga-
tion, Al 2p and N 1 s are observed, respectively (Fig. 4d).
Obviously, the fitted characteristic Al–O–N and VN peaks of Al
2p and N 1 s are reduced after N2 annealing. The results of bond
analysis after surface treatment further demonstrate that the
luminescence mechanism is related to the VN defects in AlN SCs.

Discussion
In this work, we presented an ultralong (>20,000 s) intrinsic UV
phosphorescence in AlN SCs under high-energy X-ray exci-
tation. Unlike conventional rare-earth metal-doped inorganic
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phosphorescent materials, the phosphorescence of AlN SCs ori-
ginates from the native defects in crystal lattice. In photophysical
observations, the phosphorescence emission involves multiple
processes and distinct temperature effects. According to the
theoretical calculations, it can be demonstrated that the UV and
yellow emissions of AlN SCs are derived from VN-defected
transition. The parity-forbidden but phonon-assisted radiative
transition between p-p orbits of VN donor and acceptor con-
tributes to the transition mechanism of ultralong phosphores-
cence emission, which has been further investigated by analyzing
the surface treatments. The discovery of ultralong phosphores-
cence in AlN SCs excited by X-ray is of great significance to
understanding the intrinsic phosphorescence mechanism of
inorganic materials and the applications of high-energy ray
dosimetry.

Methods
Material preparation and crystal structure. The AlN SCs were obtained by N2-
atmosphere PVT method in a tungsten crucible with the growth temperature of
2200 °C. The AlN crystals were cut to a wafer with the diameter of 15 mm and the
thickness of about 500 μm (Fig. 1), and they were simply polished to obtain a

smooth crystal surface for subsequent measurements. The XRD measurement used
an Empyrean diffractometer with Cu target.

Spectral measurements. PL spectra of band-edge emission of AlN SCs was col-
lected by an ocean optical spectra instrument and a 193 nm ArF laser. A com-
mercial X-ray source was used as the excitation, set at a voltage of 30 kV and a
current of 400 μA. An AlN SC was placed at the entrance of an
ultraviolet–visible–near infrared spectrometer, and a highly sensitive photo-
multiplier tube was used as photonic collector at the exit. PL spectra were collected
when X-ray excitation was turned on. The phosphorescence spectra were collected
each 120 s after the X-ray was turned off. The temperature-dependent PL spectra
were collected by a vacuum-temperature control system with circulating liquid
helium system. The AlN SC was clamped on the sample stage for spectral testing.
The optical photograph of phosphorescence was obtained by an iCCD. The UV PL
spectra was performed by using a 266 nm pulsed laser (2 MHz) and a 325 nm
He–Cd laser. Transmission spectra were collected by using a Shimadzu UV-
infrared spectrophotometer and the XPS by using Thermo Scientific’s analysis
system.

Theoretical calculation. The electronic structures of AlN with various point
defects were calculated by Vienna Ab-initio Simulation Package. The defects were
introduced by adding or removing corresponding atoms to/from supercell. The
electron–core interaction was treated with projector augmented wave approxima-
tion. The Perdew–Burke–Ernzerhof generalized gradient approximation was
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adopted to simplify the exchange correlation potential. The relaxation of each
configuration was performed until the force on each atom was <0.005 eV/Å. A
high-density k grid of 13 × 13 × 13 was used in self-consistent calculation.

Data availability
The data that support the findings of this study are available from the corresponding
author upon request.

Received: 15 February 2020; Accepted: 5 August 2020;

References
1. Ma, X., Wang, J. & Tian, H. Assembling-induced emission: an efficient

approach for amorphous metal-free organic emitting materials with room-
temperature phosphorescence. Acc. Chem. Res. 52, 738–748 (2019).

2. Tofield, B. C. & Weber, H. P. Efficient phonon-assisted long-lifetime Nd3+

fluorescence in Cs2NaNdCl6. Phys. Rev. B 10, 4560–4567 (1974).
3. An, Z. et al. Stabilizing triplet excited states for ultralong organic

phosphorescence. Nat. Mater. 14, 685–690 (2015).
4. Fleming, R. J. & Kerr, R. M. Thermoluminescence and ultra-violet

phosphorescence of the nucleic acid bases. Nature 208, 1198–1199 (1965).
5. Xiang, H., Cheng, J., Ma, X., Zhou, X. & Chruma, J. J. Near-infrared

phosphorescence: materials and applications. Chem. Soc. Rev. 42, 6128–6185
(2013).

6. Sakai, R., Katsumata, T., Komuro, S. & Morikawa, T. Effect of composition on
the phosphorescence from BaAl2O4: Eu2+, Dy3+ crystals. J. Lumin. 85,
149–154 (1999).

7. Pust, P. et al. Narrow-band red-emitting Sr[LiAl3N4]:Eu2+ as a next-
generation LED-phosphor material. Nat. Mater. 13, 891–896 (2014).

8. Gu, L. et al. Colour-tunable ultra-long organic phosphorescence of a single-
component molecular crystal. Nat. Photonics 13, 406–411 (2019).

9. Deng, Y. et al. Long lifetime pure organic phosphorescence based on water
soluble carbon dots. Chem. Commun. 49, 5751–5753 (2013).

10. Long, P. et al. Self-protective room-temperature phosphorescence of fluorine
and nitrogen codoped carbon dots. Adv. Funct. Mater. 28, 1800791 (2018).

11. Yang, Y.-M. et al. X-ray-activated long persistent phosphors featuring strong
UVC afterglow emissions. Light. Sci. Appl. 7, 88 (2018).

12. Xu, J. & Tanabe, S. Persistent luminescence instead of phosphorescence:
history, mechanism, and perspective. J. Lumin. 205, 581–620 (2019).

13. Köhler, A., Wilson, J. S. & Friend, R. H. Fluorescence and phosphorescence in
organic materials. Adv. Mater. 14, 701–707 (2002).

14. Zhang, Y., Liu, W. & Niu, H. Native defect properties and p-type doping
efficiency in group-IIA doped wurtzite AlN. Phys. Rev. B 77, 035201 (2008).

15. Lin, R. et al. All-Inorganic CsCu2I3 single crystal with high-PLQY (≈15.7%)
intrinsic white-light emission via strongly localized 1D excitonic
recombination. Adv. Mater. 31, 1905079 (2019).

16. Huber, D. L. Fluorescence in the presence of traps. Phys. Rev. B 20, 2307–2314
(1979).

17. Zusman, L. D. The theory of transitions between electronic states. Application
to radiationless transitions in polar solvents. Chem. Phys. 80, 29–43 (1983).

18. Meng, W. et al. Parity-forbidden transitions and their impact on the optical
absorption properties of lead-free metal halide perovskites and double
perovskites. J. Phys. Chem. Lett. 8, 2999–3007 (2017).

19. Schumacher, A. B. et al. Parity-forbidden excitations of Sr2CuO2Cl2 revealed
by optical third-harmonic spectroscopy. Phys. Rev. Lett. 87, 127006 (2001).

20. Phillips, J. C. Bonds and bands in semiconductors. Science 169, 1035–1042
(1970).

21. Smith, R. A. & Jaynes, E. T. Wave mechanics of crystalline solids. Am. J. Phys.
30, 846–847 (1962).

22. Zhu, Y., Lin, R., Zheng, W., Ran, J. & Huang, F. Near vacuum-ultraviolet
aperiodic oscillation emission of AlN films. Chin. Sci. Bull. 65, 827–831
(2020).

23. Zheng, W., Jia, L. & Huang, F. Vacuum-ultraviolet photon detections. iScience
23, 101145 (2020).

24. Xu, J., Cherepy, N. J., Ueda, J. & Tanabe, S. Red persistent luminescence in
rare earth-free AlN:Mn2+ phosphor. Mater. Lett. 206, 175–177 (2017).

25. Weinstein, I. A., Vokhmintsev, A. S. & Spiridonov, D. M.
Thermoluminescence kinetics of oxygen-related centers in AlN single crystals.
Diam. Relat. Mater. 25, 59–62 (2012).

26. Wieg, A. T., Penilla, E. H., Hardin, C. L., Kodera, Y. & Garay, J. E. Broadband
white light emission from Ce:AlN ceramics: high thermal conductivity down-
converters for LED and laser-driven solid state lighting. APL Mater. 4, 126105
(2016).

27. Trinkler, L. & Berzina, B. Recombination luminescence in aluminum nitride
ceramics. Phys. Status Solidi B 251, 542–548 (2014).

28. Chang, H. et al. Graphene-assisted quasi-van der Waals epitaxy of AlN film
for ultraviolet light emitting diodes on nano-patterned sapphire substrate.
Appl. Phys. Lett. 114, 091107 (2019).

29. Zhu, Y., Zheng, W., Ran, J. & Huang, F. Deep-ultraviolet aperiodic-oscillation
emission of AlGaN films. Opt. Lett. 45, 1719–1721 (2020).

30. Petit, S. et al. Electronic behavior of rare-earth dopants in AlN: a density-
functional study. Phys. Rev. B 72, 073205 (2005).

31. Trinkler, L., Berzina, B., Auzina, A., Benabdesselam, M. & Iacconi, P. Use of
aluminum nitride for UV radiation dosimetry. Nucl. Instrum. Methods Phys.
Res. Sect. A 580, 354–357 (2007).

32. Zheng, W., Huang, F., Zheng, R. & Wu, H. Low‐dimensional structure
vacuum‐ultraviolet‐sensitive (λ < 200 nm) photodetector with fast‐response
speed based on high‐quality AlN micro/nanowire. Adv. Mater. 27, 3921–3927
(2015).

33. Ganchenkova, M. G. & Nieminen, R. M. Nitrogen vacancies as major point
defects in gallium nitride. Phys. Rev. Lett. 96, 196402 (2006).

34. Mattila, T. & Nieminen, R. M. Point-defect complexes and broadband
luminescence in GaN and AlN. Phys. Rev. B 55, 9571–9576 (1997).

35. Alden, D. et al. Point-defect nature of the ultraviolet absorption band in AlN.
Phys. Rev. Appl. 9, 054036 (2018).

36. Mäki, J. M. et al. Identification of the VAl-ON defect complex in AlN single
crystals. Phys. Rev. B 84, 081204 (2011).

37. Li, Y., Zheng, W. & Huang, F. All-silicon photovoltaic detectors with deep
ultraviolet selectivity. PhotoniX 1, 15 (2020).

38. Picozzi, S., Continenza, A., Massidda, S. & Freeman, A. J. Structural and
electronic properties of ideal nitride/Al interfaces. Phys. Rev. B 57, 4849–4856
(1998).

39. Huang, F., Zhu, S., Wang, F., Li, T. & Zheng, W. Can we transform any
insulators into semiconductors? Theory, strategy, and example in ZnO.Matter
2, 1091–1105 (2020).

40. Zheng, W. et al. Vacuum-ultraviolet photovoltaic detector with improved
response speed and responsivity via heating annihilation trap state
mechanism. Adv. Opt. Mater. 6, 1800697 (2018).

41. Jia, L., Zheng, W., Lin, R. & Huang, F. Ultra-high photovoltage (2.45 V)
forming in graphene heterojunction via quasi-fermi level splitting enhanced
effect. iScience 23, 100818 (2020).

42. Zheng, W. et al. Vacuum-ultraviolet photovoltaic detector. ACS Nano 12,
425–431 (2018).

43. Zheng, W., Lin, R., Jia, L. & Huang, F. Vacuum ultraviolet photovoltaic arrays.
Photon. Res. 7, 98–102 (2018).

44. Zheng, W., Zheng, R., Huang, F., Wu, H. & Li, F. Raman tensor of AlN bulk
single crystal. Photon. Res. 3, 38–43 (2015).

45. Li, T., Wang, M., Liu, X., Jin, M. & Huang, F. Hydrogen impurities in ZnO:
shallow donors in ZnO semiconductors and active sites for hydrogenation of
carbon species. J. Phys. Chem. Lett. 11, 2402–2407 (2020).

46. Endo, A. et al. Thermally activated delayed fluorescence from Sn4+-porphyrin
complexes and their application to organic light emitting diodes-a novel
mechanism for electroluminescence. Adv. Mater. 21, 4802–4806 (2009).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (grant
nos. 61604178, 91333207, U1505252, and 91833301) and the China Postdoctoral Science
Foundation (no. 2018M643305).

Author contributions
W.Z. and F.H. designed and directed this study. R.L., W.Z., and L.C. led the experimental
work and paper preparation. Y.Z., M.X.X., and X.O. contributed to DFT simulations and
experimental analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-18221-1.

Correspondence and requests for materials should be addressed to W.Z. or F.H.

Peer review information Nature Communications thanks Vlastimil Krapek and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18221-1 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:4351 | https://doi.org/10.1038/s41467-020-18221-1 | www.nature.com/naturecommunications 7

https://doi.org/10.1038/s41467-020-18221-1
https://doi.org/10.1038/s41467-020-18221-1
http://www.nature.com/reprints
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18221-1

8 NATURE COMMUNICATIONS |         (2020) 11:4351 | https://doi.org/10.1038/s41467-020-18221-1 | www.nature.com/naturecommunications

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	X-ray radiation excited ultralong (&#x0003E;20,000�seconds) intrinsic phosphorescence in aluminum nitride single-crystal scintillators
	Results
	X-ray-excited phosphorescence in AlN SCs
	Temperature effect of the phosphorescence
	Mechanism of the phosphorescence
	Defect and spectral analysis

	Discussion
	Methods
	Material preparation and crystal structure
	Spectral measurements
	Theoretical calculation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




