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Photoluminescence (PL) properties of synthesized Al-rich nanowhiskers with diameter
60£20 nm and bulk AIN single crystals were compared at the room temperature. It was
found that PL spectra for AIN nanowhiskers were characterized by three components of the
Gaussian shape with maximum energy 3.16, 2.90, and 2.55 eV and halfwidth 0.7, 0.4, and
0.7 eV, respectively. It was shown that the same bands — 3.2 and 2.6 eV — were observed
in luminescence of the bulk and nanostructured samples. The registered emissions were
attributed to electron-optical transitions between donor levels of the Oy~, V\-centers and
acceptor states of the Cy-centers and (Op—V,))-complexes.

ITpoBemeno cpaBHuTENbHOE HUcciaegoBaHue QoToamoMmuHeceHTHIX (PJI) cBoiicTB cuHTE3U-
POBaHHBLIX B YCJOBHAX M30LITKA ANIOMHHNA HAaHOBUCKepPOB ¢ guamerpoMm 60120 um m obGbem-
Hpix MoHOKpucranaoB AIN mpum KomuaTHOII Temmeparype. OO0HapysmeHo, uro cuexrTpbl DJI
aasi HaHouckepoB AIN xapaxrepusyiorcsa TpeMsa KOMIIOHeHTaMH ['ayccoBoil )OpMBI C SHEp-
ruamMu Makcumyma 3.16, 2.90 u 2.55 3B u moaymupunoii 0.7, 0.4 u 0.7 3B coorsBercTBeH-
Ho. ITokasaHo, UTO B JIOMUHECIEHIIMY MKCCIeAyeMbIX 00beMHBIX U HAHOCTPYKTYPHBIX 00pas-
OB IIPUCYTCTBYIOT OXHH M Te e I10J0Chl cBeueHusa — 3.2 u 2.6 s3B. Perumcrpupyemsbie
TOJOCHI OTHECEHHI K 3JIeKTPOH-ONTHUECKUM IIepeXojaM MesAy AOHOPHBIMU ypoBHamu Oy,
V\-IIeHTPOB U aKIMeNTOPHEIMU cocTogHuaAME Cy-1entpos u (Oy—V,)-KOMILIeKCoB.

Hocridicennn dpomonrominicyenmuux énacmugocmeti AlN nanosicrepos.
O.C Boxminuyes, 1.0. Baiinwmeiin, [.B. aiixin, .M. Cnipidonos, I0.[]. Aponin

IIposeneno mopiBuaabHe mocaimkenus GoromominecinenTaux (PK) Bracrusocrell cunTe-
30BAaHMX B YMOBaxX HAUJMINKY ajdiOMiHilo HaHoBickepos 3 giamerpom 60+20 mm i o6’emuux
monokpuctaiis AIN mpu kimuarHii Temmneparypi. Bussieno, mo cuexrpu ®JI nas HamoBic-
kepoB AIN xapaxTepusyioTbcsi TphOMa KOMIOHeHTaMu I'ayccoBol (popMu 3 eHepriaMu MaKcu-
mymy 38.16, 2.90 i 2.55 eB i mamismupunoio 0,7, 0,4 i 0,7 eB sBigmoBigmno. ITokasano, mio
B JIIOMiHecIleHIN1 gocaiKyBanux 00’eMHUX i HAHOCTPYKTYPHUX 3pas3KiB mpucyTai oxmi # Ti
K cmyru cBitimaa — 3,2 i 2,6 eB. PeecTpoBani cmyrm BigHeceHO M0 €J€KTPOH-ONTHUHUX
mepexofiB Mixx gomopruMy pisHaMu Oy, Vy-mentpis i axientopaumu cranamu Cy-meHTpiB
i (ON—Vp)-romiLtekcis.
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1. Introduction

Filiform crystalline nanostructures or
nanowhiskers of aluminum nitride are char-
acterized by unique physical-chemical prop-
erties and offer a promising material for
production of optical nanofiber, nanodetec-
tors, and chemical-biological sensors [1, 2].

Functional materials, 21, 1, 2014

Due to weak electron affinity of <0.6 eV AIN
nanowhiskers can be used for field emission
cathodes [3]. At present different synthesis
methods of AIN whiskers are known [1,4,5],
but repetitive production requires a relatively
simple growth technology for the filiform
nanostructures with an spectr ratio more
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Fig. 1. SEM image of AIN nanowiskers.

than 100. Simultaneous treatment of liquid
aluminum with gaseous aluminum chloride
and nitrogen by condensation on the AIN
polycrystalline substrate is one of such
chemical technologies [7]. Isolated point de-
fects and different complexes formed dur-
ing this procedure essentially influence on
the electrical and luminescent properties of
the nanosized structures. Hence, the pur-
pose of this study is to investigate the room
temperature photoluminescent (PL) proper-
ties of AIN nanowhiskers.

2. Experimental

Two types of samples were studied: the
AIN nanowhiskers, synthesis of which is de-
scribed in detail in [6] and the bulk single
crystals of AIN ("Nitride Crystals” Ltd.) in
the form of substrates of 15 mm in diame-
ter and 0.4 mm in thickness with the “epi-
ready” surface. Growth conditions and
chemical composition of the single crystals
under study are given in [7].

Morphological characteristics of the
nanowhiskers were studied with scanning
electron microscope (SEM) Sigma VP Carl
Zeiss. Chemical composition of the AIN whisk-
ers was analyzed by an energy dispersion de-
tector (EDS) X-max Oxford Instruments.

PL measurements of the nanowhiskers
and bulk samples were carried out in phos-
phorescence mode at the room temperature
using spectrometer LS55 Perkin Elmer. The
PL spectra were registered within the range
of A,, = 290-900 nm, the excitation wave-
length with the step of 5 nm varied in the
region of A,, = 200-275 nm, with the scan-
ning rate 60 nm/min.

3. Results and discussion

Fig. 1 shows the SEM images for the ob-
tained AIN nanowhiskers with mean diame-
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Fig. 2. 3D plot of PL spectra for AIN
nanowhiskers.

ter 60+20 nm and the spectr ratioc >100.
According to quantitative chemical analy-
sis, the element composition of the samples
under study was as follows: Al — 42.7 at.%,
N — 83.8 at.%, O — 18.5 at.%, and C — 5.5 at.%.
From analysis of the data obtained, it can
be seen that AIN nanowhiskers were synthe-
sized with the lack of N and have the ratio
AN = 1:0.8. As distinet from the structures
described in [1, 5], our samples are Al-rich
type nanowhiskers with the high enough
content of impure defects Oy and Cy, lo-
cated at the positions of nitrogen atoms.

Fig. 2 presents PL spectrum of the AIN
nanowhiskers at the room temperature in
the coordinates "excitation wavelength —
emission wavelength — PL intensity”. It is
seen that a wide emission band with the
maximum at A,, = 394 nm is registered for
Ay = 200 nm. With increasing A,, up to
275 nm the luminescence intensity falls ap-
proximately by 8.2 times, the maximum
being shifted to the long-wave region with
Aem = 498 nm. It should be noted that the
PL of the AIN whiskers were not observed
within 600-900 nm spectral range under
UV excitation in our study.

Fig. 8 shows decomposition of the PL
spectra measured at A,, = 210 nm (a, b) and
250 nm (¢, d) into a few components of the
Gaussian shape for the AIN nanowhiskers (a, c)
and AIN substrate (b, d). Table contains val-
ues of the maximum energy (E,,,) and
halfwidth (®) for the luminescence bands
obtained. The approximation accuracy in
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Table. PL spectral parameters for AIN nanowhiskers and the bulk single crystal

Sample Peak Parameter Excitation wavelength
210 nm 250 nm

Nanowhiskers G1 E ..o eV 3.16 3.16
o, eV 0.78 0.73

G2 E .. eV 2.91 2.90

o, eV 0.27 0.43

G3 E .. eV 2.55 2,56

w, eV 0.69 0,68

Bulk crystal G1’ E . €V 3.48 3.46
0, eV 0.51 0.52

G2’ E L ax €V 3.15 3.18

o, eV 0.40 0.28

G3’ E .. eV 2.70 2.77

o, eV 0.65 0.42

G4’ E .. eV - 2.55

w, eV - 0.61

Emission A, nm
900 700 500 300 600 500 400 300
1 1 1 1 1 1
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Fig. 3. Emission spectra approximation for
AIN nanowhiskers (a, ¢) and the single crystal
(b, d) by excitation in A,, = 210 nm (a, b) and
250 nm (c, d) bands. Symbol — experimental
data, solid line — approximation, dot line —
the Gaussian peaks.

this case is R2 > 0.999, while the estimation
error of the parameters is AE,, =
+0.01 eV and Aw = £0.02 eV for all the ex-

perimental spectra. Note that the investi-
gated UV spectra of the AIN bulk- and
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nanosamples have identical emission compo-
nents, i.e.: 8.1-8.2 eV (G1 and G2’ peaks in
the nanowhisker and substrate, respectively)
and 2.5-2.6 eV (G3 and G4’ peaks in the
nanowhisker and substrate, respectively).
Earlier the similar emission bands were regis-
tered in the PL spectra for AIN-Y,O5; ceram-
ics, AIN nanostructures and polycrystalline
AIN films [9, 10]. They were attributed to
oxygen-related centers and nitrogen vacan-
cies V. It should be noted that 3.4-8.5 eV
band (G1’ peak for the substrate) was also
observed in the spectra of the afterglow,
cathodo-, thermo- and optically stimulated lu-
minescence for the AIN single crystals and
whiskers [2, 11-14] and it was supposedly
caused by oxygen-related centers.

High oxygen content (18.5 at. %) in the
synthesized Al-rich whiskers may point to
formation of the Oy-centers and low concen-
tration of aluminum vacancies V, in a crys-
tal lattice. In this case there is an increased
probability of forming the (V,—Op)-com-
plexes in different charge states. Moreover,
adsorption of molecular O, may occur on
the surface of the AIN nanowhiskers [4].

For illustration, Fig. 4 demonstrates the
normalized data in comparison with the PL
spectra for the AIN whisker structures from
independent [1, 4]. It is seen that spectral
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Fig. 4. Normalized PL emission spectra for
AIN whiskers. Curve I — our experimental
data (A,, = 250 nm); curve 2 — the spectrum
from [4] (A,, = 300 nm); curve 3 — the spec-
trum from (A,, = 325 nm).

position and the shape of curves I and 2
agree well. Actually, in [4] (curve 2 in Fig.
4), the Al-rich whiskers were also grown
using inert atmosphere and powder mixture
(Al, Fe5O3) in ratio 3:1, resulting in a de-
crease of the growth temperature down to
900°. The PL spectra [4] were decomposed
into three components of the Gaussian
shape, for which the values of E, =
3.0 eV (416 nm), 2.6 eV (480 nm), and
2.2 eV (564 nm) are close to ours.

Fig. 4 also demonstrates the PL spectrum
for the AIN whiskers (curve 3) characterized
by an intensive emission band of 2.0 eV
(612 nm) [1]. Note that earlier the 2.0 eV
band was observed in thermoluminescence
spectra of the AIN bulk single crystals under
study [14]. The authors of [1] assigned this
band to transitions between the levels of
isolated Vp-centers and the valence band. In
fact, in [5] the N-rich AIN whiskers are syn-
thesized under the conditions of aluminum
lack, with the ratio AN = 0.8:1, resulting
in predominance of the isolated Vpi-centers
and low concentration of the (V,—Oy)-com-
plexes and Op-centers due to low oxygen
concentration. Hence, absence of the 2.0 eV
band in our spectra supports the hypothesis
about the presence of aluminum vacancies
in the (V5~Op)-complexes in Al-rich whisk-
ers. Due to the same reason 3.2 eV emision
caused by donor-acceptor recombination be-
tween the Op-center and (V,—Op)-complex
is negligible for N-rich whiskers [1] and
dominates in the PL spectra for Al-rich

24

whiskers at excitation 5.9 eV (210 nm) in
the present study.

From analysis of independent data, emis-
sion in 2.55 eV band (component G3 in
Figs. 3a,c) can be also attributed to the op-
tical transitions with participation of the
(Vp—Op)-complexes. These transitions may
occur between the levels of the Vy-center in
vicinity of the conduction band bottom and
the ground level of the (V,—Op)-complex in
vicinity of the valence band top [4]. At the
same time, from the PL investigation of the
AIN  samples with developed surface
(nanopowder, nanorods, nanotips), emission
in 2.6 eV band was attributed to internal
transitions of the (V,—Op)-complex [9].

Earlier 2.91 eV emission (G2 in Fig.
3a,c) was registered in photo-, cathodo-,
thermo-, and optically stimulated lumines-
cence for single crystals, powders and
nanostructures of AIN [13—-17]. As a rule,
this emission was attributed to the donor-
acceptor recombination of the Op-centers
and (Vp—Op)-complexes [17] or to the proc-
esses involving carbon impurities [13, 16].
For example, in the AIN single crystals
2.8 eV emission was observed under 4.7 eV
excitation with the high concentration of
carbon and the maximum was shifted to-
wards the red region with decreasing excita-
tion energy [16]. The luminescence was as-
cribed to recombination between the donor
nitrogen vacancies and acceptor levels of
the Cy-center (carbon atom in the position
of nitrogen). With account for high content
of carbon (5.5 at.%) in the Al-rich
nanowhiskers under study the observed
2.91 eV emission may be due to radiative
processes involving Vy- and Cy-defects in
the anion sublattice.

4. Conclusions

The Al-rich AIN nanowhiskers with aver-
age diameter 60+20 nm and the ratio Al:N =
1:0.8 were synthesized. According to chemi-
cal analysis the obtained samples are char-
acterized by the high content of oxygen
(18.5 at.%) and carbon (5.5 at.%) impuri-
ties. This fact allows assuming preferable
formation of isolated Oy\~, Cy~, and Vy-cen-
ters and oxygen-vacancy (V,—Op)-complexes
of different charge in the crystal lattice of
the filiform structure under study.

The PL properties of the synthesized
nanowhiskers and bulk AIN single crystals
were compared within the 4.28-1.38 eV
(290-900 nm) spectral range under excita-
tion in the region of 6.20-4.51 eV (200-
275 nm) at the room temperature. All of
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the PL spectra for the AIN nanowiskers were
found to have three components of the
Gaussian shape with the maximum energy
E, .c=38.16, 2.90, and 2.55 eV and
halfwidth w=0.7, 0.4, and 0.7, respec-
tively. It is shown that the analyzed lumi-
nescence of the bulk and nanostructured
samples is characterized by the presence of
the same emission bands: 3.1-3.2 eV and
2.5-2.6 eV. Analysis of the obtained experi-
mental data and comparison with the re-
sults of independent studies of aluminum
nitride in different structural forms allows
to attribute the registered bands to the elec-
tron-optical transitions between donor levels
of the Oy, Vp-centers and acceptor states
of the Cy-centers and (Opn—Vp))-complexes.
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