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N vacancy, substitutional O, and Al defects in the bandgap of
composition-tunable nonstoichiometric AlN powder
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AlN powders are prepared by direct nitridation via Al liquid and vapor phases in mixed atmospheres of N2 and
NH3 with different NH3/N2 ratios. The reaction analysis reveals that NH3 acts as catalyst for N2 dissociation and the
transportations of N, O, and Al in the liquid phase are different from those in the vapor phase. Accordingly, the products
are Al-rich and composition-tunable nonstoichiometric AlN in which N, O, and Al content values change with nitridation
atmosphere and temperature, leading to the variation of the relevant defect concentration. Therefore, the AlN powders
exhibit prominent absorption bands around 5.30, 3.40, and 1.50 eV, which are tentatively assigned to VN, ON donors, and
AlN acceptor respectively. Furthermore, a new donor named [VN–ON] complex is predicted at 4.40 eV within the 5.90 eV
bandgap. It is demonstrated that the optical spectra of nonstoichiometric AlN are preferable to the nominal stoichimometric
one for the identification of the defects energy level.
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1. Introduction
Aluminum nitride (AlN) has aroused the intensive re-

search interest recently due to its wide direct bandgap (6.2 eV)
and excellent thermal conductivity, leading to broad ap-
plications in the UV-c light (100 nm–280 nm) emitters,
detectors,[1–6] UV transparent wafers,[7–11] and power electric
devices’ substrates.[12–14] Optical absorption (OA), photolu-
minescence (PL), and cathodoluminescence (CL) could pro-
vide an insight into the AlN band structure, defect energy
level, and the relevant electronic transitions, which are crucial
for the understanding and application of AlN. Although many
studies about AlN films,[15–18] bulk single crystals,[19–23]

ceramics,[24,25] and powders[26–31] have been reported, there
exist contradictions in their results and conclusions about the
accurate defect energy levels in the optical spectra and corre-
sponding transitions. Therefore, further research is necessary
to identify the detailed band structures and analyze the optical
spectra.

In a previous study,[32] we discussed the synthesis pro-
cess of AlN powders by direct nitridation (DN) in pure N2

and NH3 atmospheres respectively and concluded that non-
stoichiometric AlN with extensive range of N/Al ratio was
produced. Here, we prepare AlN powders in the mixed at-
mospheres of NH3 and N2 with different NH3/N2 ratios. By
comparison of the results with those prepared in pure N2 and
NH3, a comprehensive nitridation model is established. Fur-
thermore, the defect energy levels within the bandgap are iden-
tified by comparing and tentatively assigning their OA and PL
spectra. To the best of our knowledge, there has been no report
on discussing the AlN bandgap structure through OA and PL

spectra of composition-tunable nonstoichiometric AlN, which
would have more prominent optical features related to N, O,
and Al defects than the stoichiometric AlN.

2. Experimental section
The raw materials, furnace, configuration, and procedure

used in the present experiments were the same as those in a
previous study[32] except that NH3 and N2 mixture was used as
atmosphere in this study. The total mixture flow rate was kept
at 5×10−6 m3/s (300 sccm) as in the previous study, while
the NH3/N2 ratios of the mixture were 1:5, 1:2, and 1:1 re-
spectively. To facilitate the discussion, the atmospheres were
marked as A (pure NH3), B (1:1), C (1:2), D (1:5), and E (pure
N2), in which order the N content value increased and H con-
tent decreased. The nitridation temperatures were 1200 ∘C,
1300 ∘C, and 1400 ∘C. For D atmosphere, the nitridation tem-
perature was extended downward to 1100 ∘C, 1000 ∘C, and
900 ∘C to compare the results with those in A and E. Mean-
while, we provided commercial carbonthermal reduction ni-
tridation AlN powders (CRN-AlN) as reference of our direct
nitridation AlN powder (DN-AlN).

The product structures were analyzed using an X’Pert Pro
XRD system with an operating voltage of 40 kV, a current of
40 mA, Cu Kα wavelength of λ = 0.154059 nm, and scan-
ning range 2θ from 30∘ to 80∘. The morphologies of the
products were studied via an FEG XLs 30 scanning electron
microscope (SEM). The chemical composition of the product
was obtained from the specimen by energy dispersive x-ray
spectrometer in a recommended situation. The optical ab-
sorption was measured via Persee TU-1901 double-beam UV-
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spectrophotometer from 190 nm to 900 nm with a 0.1-nm res-
olution, and the PL measurement was conducted by the He–Cd
laser with 325-nm wavelength.

3. Results and discussion
3.1. XRD, morphologies, and compositions analysis

All the products produced in B, C, and D atmosphere at
1200 ∘C, 1300 ∘C, and 1400 ∘C include loose powders in the
crucibles and large branches at the brim of the crucibles as

shown in the inset of Fig. 1, which has a similar appearance to
those of the products in A atmosphere in the previous study.
The appearance indicates that the large branches grew via va-
por phase mechanism and the loose powders were produced
via liquid phase mechanism. The branches and the powders
are collected and marked as V and L samples respectively for
the following observation. Thus, all samples in this study to-
gether with those relevant ones in the previous study[32] are
given in Table 1.

Table 1. Nitridation conditions of different samples.

Conditions A (NH3) B (NH3:N2=1:1) C (NH3:N2=1:2) D (NH3:N2=1:5) E (N2)

1100 ∘C 1100 A–V – – – –

1100 A–L – – – –

1200 ∘C 1200 A–V 1200 B–V 1200 C–V 1200 D–V –

1200 A–L 1200 B–L 1200 C–L 1200 D–L –

1300 ∘C 1300 A–V 1300 B–V 1300 C–V 1300 D–V –

1300 A–L 1300 B–L 1300 C–L 1300 D–L –

1400 ∘C 1400 A–V 1400 B–V 1400 C–V 1400 D–V –

1400 A–L 1400 B–L 1400 C–L 1400 D–L 1400 E–L
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Fig. 1. (color online) XRD patterns of the products with the inset show-
ing large branches of AlN powders (labeled as V) grown at the brim of
the crucible and loose powders (labeled as L) produced in the crucible.
XRD patterns reveal that sample 900 D–L (L sample prepared in D
(NH3:N2=1:5) atmosphere at 900 ∘) is still Al powder, while 1200 D–L
and 1200 D–V L and V samples are grown at the brim of and produced
in the crucible in D (NH3:N2 = 1 : 5 atmosphere at 1200 ∘C) are con-
verted into pure AlN powders with similar XRD patterns. In contrast to
CRN-AlN, the peaks of XRD pattern of DN-AlN (commercial carbon-
thermal reduction nitridation AlN) shift toward low 2θ angle slightly,
indicating the expansion of lattice constant.

The XRD patterns of the products in D atmosphere as
shown in Fig. 1 reveal that the product still reamins pure Al
at 900 ∘C, while full nitridation is accomplished at 1200 ∘C
and there is no apparent difference between L and V samples.
Other products in B, C, and D beyond 1200 ∘C are also pure
AlN powders whose XRD patterns are not shown. The XRD
patterns of CRN-AlN are shown simultaneously in Fig. 1 for

comparison. The only difference between the patterns of DN-
AlN and CRN-AlN is in the peak locations, indicating their
different plane spacings, such as (100) spacings are 2.6942,
2.6929, and 2.6685 Å for 1200 D–L, 1200 D–V, and CRN-AlN
respectively. The lattice expansion of DN-AlN could originate
from point defects such as N vacancy, anti-site and/or intersti-
tial Al atom in view of its low N/Al ratio of the composition.

The morphologies of the products and CRN-AlN are
shown in Fig. 2, in which figure 2(a) shows that severe pas-
sivation occurs at the surface of Al powder in D atmosphere
at 900 ∘C. A dense layer of AlN nanocrystals is coated by Al
powder and prevents inner Al from being nitrided, which ex-
plains why its XRD pattern belongs to Al. The passivation ef-
fect is the same as what happened in A atmosphere in the pre-
vious study. The morphology of the product in D atmosphere
at 1000 ∘C (see Fig. 2(b)) reveals that the passivation effect is
eliminated because the inner liquid Al burst out of the passiva-
tion layer, accelerating the nitridation. When nitridation tem-
perature reaches 1200 ∘C in B, C, and D atmospheres, massive
Al evaporation leads to quick and full nitridation, producing
AlN powders in the crucible and large branches at the brim of
the crucible as shown in Fig. 2(c). The V sample is composed
of nanocrystals with diameters about 20 nm–500 nm while L
sample is comprised of micro or submicro grains with diam-
eters about 0.2 µm–2 µm as shown in Figs. 2(d) and 2(e) re-
spectively. The grain size of CRN-AlN is about 0.5 µm–2 µm
(see Fig. 2(f)).
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Fig. 2. Morphologies of the AlN powders, where (a) sample 900 D–L shows that the Al powder surface is passivated by nanocrystals
layer, (b) sample 1000 D–L reveals that liquid Al burst out of the passivation layer, (c) sample 1200 D–V displays the large branches,
(d) enlarged view of the branches exhibits nanocrystals, (e) sample 1200 D–L produced in the crucible indicates submicro grains, and
(f) sample CRN-AlN shows large grains.

Composition analyses of the DN-AlN and CRN-AlN in-
dicate that the products are Al-rich and composition-tunable
nonstoichiometric AlN with extensive N/Al ratio which varies
with temperature and atmosphere as plotted in Fig. 3. The
change of composition ratio from stoichiometric value to low
N/Al ratio could result from Al particle or cluster incorpora-
tion, oxidation, point defects such as N vacancies and intersti-
tial or substitutional Al atoms. Comparatively, N/Al ratio of
CRN-AlN is closer to stoichiometry than those of most DN-
AlN powers. As a whole, figure 3 reveals that the samples
prepared in A and D atmospheres have lower N/Al ratio than
those in B and C atmospheres. This implies that more reactive
N atoms are released in B and C atmospheres than those in A
and D atmospheres. Meanwhile, V sample has relatively high
N/Al ratio than L sample. Additionally, EDX reveals that O
content value of CRN-AlN was 1.9 at.% and those of DN-AlN
samples vary in a range from 2.0 at.% to 6.0 at.%. The com-
position variation could support the analyses of reaction and
defect related optical properties in the following sections.

3.2. Reaction analysis

Since the reaction model of the direct nitridation in pure
N2 and NH3 has been discussed in a previous study,[32] in this
paper we investigate the case of N2 and NH3 mixtures.

As illustrated in the previous study, N2 has a low disasso-
ciation rate so that full nitridation can be realized only when
the temperature arrives at 1400 ∘C and no branches grow at
the brim of the crucible in E atmosphere. In contrast, NH3

easily dissociates in the presence of Al powders so that full ni-
tridation is achieved in A atmosphere at temperatures as low as
1100 ∘C leading to pure AlN powders produced in the crucible
and large branches grown at the brim of the crucible. The same
things happen when a mixed atmosphere is used even if the
NH3/N2 ratio is as low as 1/5 in D atmosphere. Furthermore,
some research[33,34] reported that full nitridation was obtained
even if the NH3 content value is as low as 5 at.%. Actually,
massive AlN branches are collected at the brim of the crucible
in D atmosphere at 1200 ∘C (Fig. 1) while no branch forms
in E atmosphere even at 1400 ∘C. Therefore, it could be pre-
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dicted that NH3 participates in the process of N2 dissociation
in the mixture as expressed by the following equation:

N2 +NH3
surface−→ 3Nsuface +3Hsurface, (1)

namely, NH3 could act as catalyst in N2 dissociation so that
more reactive N atoms are released in the mixture than in E at-
mosphere although the former has smaller nominal N content
value than the latter. This is just the reason why serious passi-
vation effects take place at 900 ∘C in D atmosphere as shown
in Fig. 2(a). In addition, NH3 could help eliminate O contam-
ination in Al powders via Eq. (2), resulting in O content vari-
ation in the products. Combined with atmosphere variation,
nitridation temperature exerts its influence on these reactions.

On the other hand, some essential kinetic factors are dif-
ferent between L and L samples. The species transpositions in
liquid and vapor phases comprise both convection and diffu-
sion. Species transposition is easy in the vapor phase and hard
in the liquid phase, resulting in relatively rich N in V samples
and local shortage of N in L sample respectively. Meanwhile,
NH3 and N2 dissociate into reactive N species more efficiently
in the presence of the interface of the liquid phase, which L
samples can provide and V samples cannot. That is why no
V samples appear in E atmosphere. Moreover, O contami-
nation in liquid Al is easier to be eliminated at higher tem-
perature because intensive evaporation can trigger convective
transportation, which is a rapid transportation channel for H
species rather than diffusive transportation. In addition, once
an O atom is expelled from liquid Al via the following equa-
tion:

2NH3 +Al2O3 → 2AlN+3H2O, (2)

it will enter into vapor phase and form an O-rich atmosphere,
which could increase O contamination in V samples. Conse-
quently, the concentrations of N and O are different in local
circumstances of L and V samples which are produced in dif-
ferent atmospheres and at different temperatures, leading to
different point defect concentrations and relevant properties.

According to the analyses in the present study and the
previous study, here we put forward a comprehensive reaction
model as follows.

(i) NH3 atmosphere
In pure NH3 atmosphere, full nitridation is realized be-

yond 1100 ∘C producing loose powders in the crucible and
large branches at the brim of the crucible. Consequently, the
nitridation occurring in NH3 atmosphere, no matter whether it
is in liquid phase or in vapor phase, could be expressed by the
following equation:

Al+NH3 → AlN+
3
2

H2. (3)

Nominally, total N content value in A atmosphere (pure
NH3) is lower than those in E atmosphere (pure N2) and other

mixture atmospheres because of the same total flow rate. How-
ever, in comparison with N2, NH3 has a very high dissociation
rate so that the actual concentration of reactive N species in A
atmosphere is higher than that in E atmosphere. Meanwhile,
the transportation of N species in A atmosphere is very fast be-
cause loose accumulation provides a fast transportation chan-
nel for nitrogen sources, which does not happen in E atmo-
sphere. Therefore, the product in A atmosphere has relatively
high N concentration and N/Al ratio. In addition, the nitrogen
source is richer and its transport is faster in the vapor phase
than in liquid Al, thus N/Al ratio of the V sample is higher
than that of L sample. In another respect, O contamination
decreases in the liquid phase because equation (2) occurs in
the liquid phase, and it increases in the vapor phase because
O becomes rich in the atmosphere. Since A atmosphere has
the highest H content value in the experimental conditions, it
could produce AlN powder with the lowest O content value.

(ii) NH3–N2 mixture atmosphere
In NH3–N2 mixture atmospheres of B, C, and D, the ni-

tridation process is similar to that in A atmosphere. However,
a catalysis-aided N2 dissociation process could take place in
the mixture atmosphere as expressed by Eq. (1). This leads to
varying content values of N, H, O, and N/Al ratio in the final
products in different atmospheres. Since nominal N content
value increases while the dissociation rate could decease from
A to E atmosphere, the reactive N concentration could reach
a maximal value in a mixture atmosphere, leading to a max-
imal N/Al ratio of the product as revealed by Fig. 3. Since
the catalysis-aided N2 dissociation could be complicated and
different in the liquid phase from in the vapor phase, here we
describe the nitridation in mixture as follows:

3Al+N2 +NH3 → 3AlN+
3
2

H2. (4)
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Fig. 3. (color online) N/Al ratios of the composition-tunable nonstoi-
chiometric AlN powders versus atmosphere, revealing that samples pre-
pared in A and D atmospheres have lower N/Al ratio than in B and C
atmospheres, V samples have relatively high N/Al ratio compared with
L samples, and N/Al ratio of CRN-AlN is closer to stoichiometric value
than that of DN-AlN.

(iii) N2 atmosphere
Full nitridation is realized only at 1400 ∘C in pure N2

atmosphere, and the final product is a dense polycrystalline
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AlN bulk instead of loose powders. One should note that
no AlN branches form at the brim of the crucible, indicating
that Al vapor could hardly react with N2 gas directly even at
1400 ∘C. Therefore, the nitridation in the liquid phase could
be expressed as

2All +N2
surface−→ 2AlN, (5)

while the nitridation could not happen in the vapor phase as
indicated by the following equation:

2Alg +N2 ̸= 2AlN, (6)

showing the importance of liquid Al surface for N2 dissocia-
tion. Since the dissociation rate of N2 is low, the local con-
centration of reactive N in liquid Al is low in E atmosphere,
resulting in Al-rich AlN with low N/Al ratio. Besides, O con-
tent value in the product cannot decrease due to the absence of
H species.

In summary, composition-tunable nonstoichiometic AlN
is produced and the content values of N, Al, and O vary
with atmosphere and temperature. The composition variation
would affect the point defect concentration, which allows us
to investigate the point defects and their effects on the optical
properties of AlN. Finally, we can investigate defect energy
level in the energy band though comparing their optical spec-
tra.

3.3. Optical absorption and PL spectra analysis

Optical absorption spectra of CRN-AlN and DN-AlN
produced at 1400 ∘C are shown in Fig. 4(a), in which the
curves are marked with the corresponding sample labels. It
shows that all the curves are similar in shape and different in
location, meaning that 1400 E–L lie at the upmost location
while the curve of CRN-AlN at the bottommost location and
others in between. Furthermore, all curves of V samples lie
above those of their corresponding L samples in a range from
1.90 eV to 4.20 eV.

The background absorbances of these curves are mainly
caused by grain size effect, which shows that smaller particles
lead to more light reflection and less light absorption. This
is confirmed by 1400 E–L, 1400 E–L1, and 1400 E–L2 sam-
ples, among which the latter two are prepared from the former
one by grinding for 5 min and 10 min in agate mortar respec-
tively. As shown in Fig. 4(a), the curve indented toward low
absorbance value with the increase of grind time but has no
change in shape. Therefore, 1400 E–L sample should have
the largest grain size in all samples because its absorbance
curve is situated above all other curves. This deduction ac-
cords with the conclusion in the previous study that low disso-
ciation rate of N2 caused low N concentration in Al liquid and
led to large grain size of AlN powder.[32] Meanwhile, it should
be pointed out that multiscattering absorption and structure
defects such as stacking default and dislocations, deforma-
tion and strain, trace impurity absorption, and phonon repli-
cas of absorption peaks could also influence the absorbance

background.[35,36] These factors could explain why V sample
always has a smaller particle size and higher absorbance than
corresponding L samples. However, all these factors, espe-
cially impurity in raw Al powder, are similar to those for DN-
AlN samples and could influence the absorbance background
rather than the shape of the curve. In other words, the differ-
ences between the spectra just arises from those factors in the
nitridation process such as atmosphere and temperature. On
the other hand, one could realize that all the curves have their
minima around 1.90 eV, implying that no defect state was there
nominally.

Accordingly, in order to exclude the influences of the
background and give prominence to the influences of atmo-
sphere and temperature on the absorption band, the spectra are
indented onto transversal axis at their minima around 1.90 eV.
In the range from 4.20 eV down to 1.90 eV in Fig. 4(b), the
curve for 1400 E–L sample is situated at the upmost location
and that for the CRN-AlN at the bottommost location with
other curves in between. Meanwhile, all curves of V samples
are situated above that of their corresponding L samples in the
range. The results are consistent with Fig. 4(a) and the consis-
tency reveals that the indentation of the absorption spectrum is
reasonable and reliable.

Commercial CRN-AlN powder is used as reference pow-
ders for the DN-AlN powders in order to compare their OA
and PL spectra, identify the defect energy level and relevant
optical transitions. Generally, the major point defects in un-
intentionally doped AlN include N vacancy (VN) and Al va-
cancy (VAl), substitutional O (ON), interstitial Al (Ali) and
N (Ni), anti-site Al (AlN) and N (NAl), and their complexes.
Meantime, minor point defects such as interstitial O (Oi), H
and impurities related defects could exist. As is well known,
CRN-AlN is prepared in a solid phase reaction system at ex-
treme high temperatures above 1700 ∘C, the nitridation takes
place via N atom diffusion. Thus, VN, ON, and AlN rather than
VAl and Ali are its major defects. In addition, C-related defect
could appear since carbon reductant incorporates into AlN lat-
tice. For our DN-AlN, L samples are produced in Al liquid
phase, and the nitridation takes place mainly via N diffusive
transportation which results in lack of local N atoms. There-
fore, VN, ON, AlN, and Ali should be major defects while VAl,
NAl and others should be minor defects. O contamination orig-
inates from impurities in both Al powder and nitrogen source.
Since V samples are formed by the vapor phase, its VN should
be lower than those of L samples, owing to easier transporta-
tion and higher concentration of N. Moreover, ON should be
higher in V sample than that in L sample because O expelled
from liquid and O impurity in nitrogen source both increase O
content value in atmosphere, leading to O incorporation into
AlN lattice. Besides, H doping could affect the spectra of the
DN-AlN obtained in pure NH3 and the complex atmospheres.
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Fig. 4. (color online) Absorption spectra of AlN powders, where (a) the original absorption spectra of AlN produced at 1400 ∘C reveal
that all absorption curves are similar in shape and have minima around 2.0 eV, and that all curves of V samples lie above those of their
corresponding L samples in a range between 1.90 eV and 4.20 eV; (b) the absorption spectra indent onto the transversal axis from the
spectra in panel (a); the absorption spectra of AlN are produced (c) at 1300 ∘C, (d) in NH3 atmosphere, and (e) in mixture atmosphere.
All spectra could be divided into eight zones in consideration of their different behaviors and panel (f) shows the defect energy levels
within bandgap diagram of AlN and relevant transitions corresponding to the spectra.

(I) Optical absorption

The spectra can be divided into eight zones marked from
I to VIII, which have different centers and distinct behaviors
with the change of nitridation temperature and atmosphere as
shown in Fig. 4. The absorbance in each zone exhibits a broad
band that could comprise several peaks, while the behavior of
the zone is determined by the dominant peak of the band. Zone
VIII exceeding 5.90 eV is the conduction band and zone VII
includes near bandgap edge and three free excitons XA, XB,
and XC.[37–40]

We assign zone VI centered about 5.30 eV to N vacancy
(VN) related transition for several reasons. First, absorbance
in this zone is very high and it should be dominated by major

defects related to N, Al or O. Second, all of the spectra in Fig. 4
show that absorbances of CRN-AlN and L samples are higher
than those of V samples in zone VI. This characteristic is con-
sistent with the conclusion that N concentration in L sample
is lower than that in V sample. Meanwhile, this characteristic
contradicts the EDX result that O content value in CRN-AlN is
lower than in DN-AlN and the conclusion that O concentration
is higher in V sample than in their corresponding L sample.
Thirdly, the curves of V samples are concentrative and those
of L samples are dispersive. This characteristic is in accor-
dance with the conclusion that N diffusion is easy and fast in
the vapor phase, leading to high N concentration in V sample.
In contrast, N diffusion in the liquid phase is difficult and N
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concentration in L sample is greatly dependent on nitridation
temperature. Finally, the concentration of Al related defects
in CRN-AlN is believed to be lower than that of N related de-
fects. That means the absorbance could not be attributed to
O or Al defects since absorbance of CRN-AlN in this zone is
much higher than in other zones except for conductive band.
Altogether, only VN should be responsible for the absorption
band in this zone. This assignment accords with that given by
Bastek et al[41] who studied the CL spectra of AlN epilayers
at 5-K temperature and found that VN band located at about
5.0 eV increases in Al-rich atmosphere. Bickermann et al[42]

discussed the OA spectra of bulk AlN single crystal and as-
cribed the 5.2-eV band to VN- or O-related defects.

The behavior of this VN-related absorption band provides
an insight into the reaction process and OA properties of the
products. As figures 4(b) and 4(c) show, the absorption is
atmosphere-dependent at different temperatures. For 1400
E–L sample, its highest absorbance indicates the highest VN

concentration, which results from very low N2 dissociation
rate and local N concentration. B-L samples have lower ab-
sorbance than other L samples, implying that the presence of
NH3 could produce maximal N concentration in the mixture
via the catalysis-aided dissociation of N2. On the other hand,
the absorbance of all V samples in the zone are close to each
other and lower than that of L samples, indicating that low
VN concentration is caused by N-rich atmosphere. The results
accord well with those from the proposed reaction model in
Subsection 3.2 and the agreement further supports our assign-
ment of VN.

Zone IV situated around 3.40 eV is ascribed to ON-
related transition for several reasons. First, the characteris-
tic that CRN-AlN has the lowest absorbance in the zone (see
Fig. 4(b)), which is consistent with the fact that all CRN-AlN
samples have the lowest O content values. Second, in all cases
except for 1100 ∘C, the absorbances of V samples are higher
than those of their corresponding L samples as shown from
Fig. 4(b) to Fig. 4(e). This is consistent with the conclusion
that O is rich in atmosphere. Meanwhile, for 1100 A–L, 1100
A–V, and 1100 D–L in Figs. 4(d) and 4(e), the absorbances
are much higher than others and the absorbances of 1100 A–L
are higher than those of 1100 A–V. This characteristic accords
well with the fact that O contamination is hard to reduce and
expel from Al liquid by NH3 when the temperature of 1100 ∘C
is too low to trigger the convective transportation. Thirdly, the
absorbances of 1400 A–L and 1300 A–L are lower than those
of other L samples as shown in Figs. 4(b) and 4(c). This char-
acteristic is consistent with the fact that H content value in A
atmosphere is the highest and convective transportation is trig-
gered beyond 1200 ∘C, leading to remarkable O elimination in
1400 A–L and 1300 A-L samples. Finally, the absorbances
of L and V samples decrease with the increase of nitridation

temperature, which is in good agreement with the conclusion
in the previous study that O content of AlN decreases with the
increase of its nitridation temperature.[32] In summary, the ab-
sorbance behavior in this zone is in accordance with those of O
content and ON concentration in the samples. In addition, the
absorbance behaviors in zones II and III follow that in zone IV
except for smaller absorbance variation, suggesting that they
are related to the behavior of ON.

However, we should note that the assignment of ON is
controversial among many researchers. Shi et al[28] conducted
PL and CL measurements on AlN nano-tips and claimed that
ON is responsible for the transition around 3.4 eV, and that the
transition results from [ON–VAl] complex to isolated ON ionic
level. Bellucci et al[29] ascribed 3.4-eV bands in CL spectrum
of commercial AlN powder and nano powders to a compli-
cated donor–acceptor pairs related to O defect. Senawiratne et
al[43] also denied that the 3.5-eV peak on PL spectrum of bulk
AlN single crystal depended solely on O defects.

As for zone V, its absorbance is moderate and relatively
stable in comparison with those in zones VI and IV. Further
observation found that the band located around 4.40 eV acted
as pivot of a seesaw and the absorbance before and after this
band behaved like a seesaw. Taking Fig. 4(c) for example,
1300 A–L is lower than 1300 B–L in zone IV before their
crossover point at 4.40 eV (called pivot), whereas their loca-
tion is reversed in zone VI after the pivot. The absorbance
in zone V increases or decreases only when absorbances in
VI and IV both acted in the same way. Therefore, we pre-
dict a new donor named [VN–ON] complex for the absorp-
tion band around 4.40 eV. The concentration of this complex
is controlled by the concentrations of VN and ON. They are
related by the following equation:

{[VN −ON]}= k · {VN} · {ON}, (7)

where k is a proportionality coefficient, {VN}, {ON}, and
{[VN–ON]} are the concentrations of VN, ON, and their com-
plex respectively. In another aspect, the absorbances of VI and
IV are in inverse-proportional relation, meaning that a compe-
tition mechanism for N site could exist between ON and VN in
the same sample. When ON is kicked out from the N site, an
N atom was not always ready to fill in the site and thus VN is
produced.

On the other hand, [VAl–ON] rather than [VN–ON] com-
plex was cited commonly,[28,42,44,45] perhaps because VAl was
the dominant vacancy and formation of [VAl–ON] was energy-
favorable action in those research studies. This could not be
true in our samples. Theoretically, the formation energy of
the complex arises from Coulomb interactions, thus [VN–ON]
complex could come into being if VN and ON are in oppo-
site charge states. Calculations show that VN and ON could
be in positive and negative charge state.[46,47] Therefore, we
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tentatively predict that the [VN–ON] is responsible for the ab-
sorption at 4.40 eV.

Till now, the characteristics corresponding to VN, ON,
and their complex have been found in the spectra. How-
ever, Al-related defects as the major defect and zone I in the
spectra need to be identified. Since CRN-AlN has the lowest
but apparent absorbance and 1400 E–L shows the highest ab-
sorbance near 1.50 eV, we assign the zone to AlN rather than
Ali from the consideration of the formation of the latter which
is energy unfavorable to CRN-AlN. Another proof is that AlN
acted as a deep acceptor in AlN[17] while Ali acted as a shal-
low donor.[19,20,23]

Consequently, although we cannot yet definitely deter-
mine the energy levels of the defects nor the relationship be-
tween the transitions and absorption, we can tentatively de-
velop a possible energy band diagram with the defect levels
of our DN-AlN as shown in Fig. 4(f). Therefore, we can ten-
tatively establish the relationship between optical transitions
and the zones in OA spectra. The energy band diagram is
arranged horizontally with a hypothetical energy axis for the
convenience of its comparison with the OA spectra. Since OA

spectra are collected from 1.40 eV to 6.50 eV, those transitions
out of the range are not shown in the diagram. Each dominant
band of the zones in OA spectra finds its corresponding tran-
sition well except in zone III which is located around 3.0 eV.
It was tentatively ascribed to the transition of donor–acceptor
pair of [AlN] and [ON–VN], which is consistent with the result
of AlN nanowire.[31]

(II) PL analysis
In order to further realize and identify the defect-related

optical properties of the products, PL measurement is con-
ducted at room temperature and the spectrum is collected in
an energy range from 1.90 eV to 3.80 eV. The PL spectra in
Figs. 5(a) and 5(b) could be divided into three zones labeled
from i to iii, whose characteristics are similar to counterparts
of their OA spectra in the same energy range as that shown
in Fig. 5(c). If we deduct the absorbance background of the
curves in Fig. 5(c), it is revealed that the behaviors of PL spec-
tra accord well with counterparts of their OA spectra in the
respect of band location and intensity. Therefore, we can ex-
plain the PL spectra with the defect-related transitions in the
band diagram as shown in Fig. 5(d).
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Fig. 5. (color online) Photoluminescence spectra of AlN powders produced (a) at 1400 ∘C, (b) in mixed atmosphere, (c) optical absorption
spectra of AlN in the same energy range, panel (d) shows the defect levels and related transitions corresponding to the PL spectra.

However, we should note that the PL spectrum has fine

structure and complicated behavior, which cannot be simply

corresponding to those of their OA counterparts. To further

understand and identify the defect-related optical properties, it

is necessary to perform a detailed study in full range spectrum

of CL or PL with excitation wavelength shorter than 200 nm.

4. Conclusions

AlN powders are prepared by direct nitridation in mixed
atmospheres of N2 and NH3 with different NH3/N2 ratios. Full
nitridation is accomplished beyond 1200 ∘C and two kinds of
AlN powders are produced in the crucible and at the brim of
the crucible through liquid and vapor phase reactions respec-
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tively. NH3 acts as a catalyst for N2 dissociation and a max-
imum of reactive N content value could be obtained in the
mixture. Meanwhile, NH3 is conducible to the elimination
of O contamination via reduction process. A comprehensive
reaction model of direct nitridation is proposed. The products
are Al-rich and composition-tunable nonstoichiometric AlN in
which N, O, and Al content values and their relevant defect
concentrations change with nitridation atmosphere and tem-
perature. Therefore, distinct features and behaviors related
to the defects are found in the optical spectra. Through the
comparison of optical spectra of the AlN powders, it is pro-
posed that VN and ON donors are respectively located around
5.30 eV and 3.40 eV and AlN acceptors are located about
1.50 eV. A new donor complex named [VN–ON] is predicted
to be at 4.40 eV within the 5.90-eV bandgap at room tem-
perature. It is also demonstrated that comparison analysis of
optical spectra of nonstoichiometric AlN rather than the nom-
inal stoichiometric one should be efficient at the identification
of defects’ energy levels.
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