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Dominant recombination paths in AlN and AlxGa1−xN-related structures are investigated using cathodo-
luminescence (CL) mapping measurements and photoluminescence (PL) spectroscopy. The dark spot
contrasts originating from nonradiative recombination at threading dislocations (TDs), which are observed
in CL intensity maps, drastically decrease upon elevating the temperature. This is because carriers can
reach TDs at low temperatures (9–60 K), but are captured by point defects (PDs) even in the vicinity
of TDs near RT. Calculations based on the experimental results indicate that in the current AlN and Al-
rich AlxGa1−xN crystals, TDs scarcely affect the internal quantum efficiency (IQE) at RT as long as the
TD density is less than 2.6 × 1010 cm−2. Because a TD density less than 2.6 × 1010 cm−2 has already
been achieved even for heteroepitaxially grown AlN films on sapphire substrates, it is evident that the
most effective method to further improve the IQE of AlxGa1−xN-related materials is to reduce PDs not
TDs. Moreover, we clarify the existence of two types of PD states, which mainly degrade the emission
efficiency, using temperature-dependent PL measurements. Combining the CL and PL results allows the
activation energies of these PDs and TDs to be evaluated. Furthermore, we highlight the probability that
PDs, which predominantly act as nonradiative recombination centers at room temperature, are complexes
formed by Al vacancies and oxygen impurities that enhance the deep-level emissions at 3.2 and 3.5–3.7
eV near room temperature. Such a large impact of PDs on the efficiency degradation may be attributed
to the high density of Al-vacancy–related PDs in AlN and Al-rich AlxGa1−xN compared with that of
Ga-vacancy–related PDs in GaN due to the small formation energy.
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I. INTRODUCTION

Recently, group III nitride semiconductors have
attracted attention for optical and electronic applications.
Highly efficient InGaN-based light emitting diodes (LEDs)
have been achieved in the blue spectral region [1]. Cur-
rently, laser diodes and LEDs emitting at other wave-
lengths are under development. For instance, AlN and
AlxGa1−xN with large energy band gaps (3.4–6.0 eV)
are promising materials for harmless, high-efficiency deep
ultraviolet (DUV) light-emitting devices, and they have
potential in various applications such as air- or water-
purification, high-density data storage, and biomedical
research.

In principle, AlxGa1−xN quantum wells (QWs) should
exhibit a high internal quantum efficiency (IQE) because
AlxGa1−xN is a direct transition semiconductor and its
radiative carrier recombination lifetime is short. Despite
extensive studies on AlxGa1−xN-based LEDs [2–6], the
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external quantum efficiency (EQE) is low (<∼ 20%) in
practice [7] compared with InGaN-based blue LEDs (>
80%) [1]. One of the reasons for the low EQE is related
to the valence-band ordering in AlxGa1−xN. Because the
crystal-field splitting band is the topmost valence band
in Al-rich AlxGa1−xN, light extraction along the [0001]
direction, which is a typical optical configuration of LEDs,
becomes difficult at shorter wavelengths [8]. Moreover,
we have reported that the IQE of AlxGa1−xN QWs is
remarkably degraded, especially under weak excitation
conditions [9] and in the short-wavelength regions (Al-
rich conditions) [10,11]. These observations are attributed
to the many lattice defects in current AlxGa1−xN crys-
tals, which generate mid-gap levels (deep levels) that
act as nonradiative recombination centers. Furthermore,
lattice defects may also degrade the carrier injection
efficiency (CIE) due to the enhanced carrier recombi-
nation in barrier layers. Although deep levels dominate
the performances of AlxGa1−xN-based devices, details
about the nature (e.g., activation energies, capture cross
sections, and trap densities) have yet to be comprehen-
sively understood. For example, which types of defects
predominantly degrade the efficiency has yet to be clari-
fied.
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Many efforts have been made to reduce threading
dislocations (TDs) as representative lattice defects
[12–15]. High quality homoepitaxial films or QWs have
recently been grown on AlN bulk substrates with a low
threading dislocation density (TDD < 105 cm−2) [16,17].
Even with a low TDD, the IQE under a weak excitation
condition remains low (< 1%), and it is almost the same
as that of QWs on sapphire substrates with a high TDD
(approximately 109–1010 cm−2) [17]. This suggests that
TDs may not act as the dominant nonradiative recombi-
nation centers. In fact, Chichibu et al. have suggested that
point defects (PDs) impact the efficiency in AlN [18,19].

In this paper, we investigate the correlations of nonra-
diative recombination lifetimes and the activation energies
of various lattice defects in AlxGa1−xN-related materials
using cathodoluminescence (CL) mapping measurements
and photoluminescence (PL) spectroscopy. The CL inten-
sity maps show dark-spot contrasts due to TDs at 9–60 K,
but the contrasts disappear near RT, indicating dominant
nonradiative recombination paths vary by temperature. To
clarify the cause of the CL-contrast variation, the temper-
ature dependence of the PL intensity is analyzed assuming
the Arrhenius-type activation of nonradiative recombina-
tion processes. The activation energies derived from PL
allow the CL-contrast variation due to temperature to be
well reproduced. Thus, we identify the dominant nonra-
diative recombination paths (i.e., lifetime-killing defects)
at each temperature, and propose a route to improve the
IQE in AlN and Al-rich AlxGa1−xN structures.

II. EXPERIMENTAL PROCEDURES

AlN epitaxial films and Al-rich AlxGa1−xN/AlN QWs
are grown on AlN bulk substrates using the metalorganic
vapor phase epitaxy (MOVPE) method. The substrates
are prepared by the physical vapor transport method with
(0001) (c-plane) or semipolar (11̄02) (r-plane) surfaces.
Both the c- and r-planes surfaces used in this paper
are obtained by slicing bulk AlN ingots grown along
the r-direction at different angles. Thus, their crystalline
qualities are nominally identical, and TDD of the sub-
strate observed by plan-view TEM is about 5 × 107–1 ×
108 cm−2. The surface treatments of the substrates prior to
the epitaxy and detailed growth conditions are described
elsewhere [17]. One remarkable difference between the c-
and r-planes growths is the optimized reactor pressure,
which is higher for r-plane growth (500 Torr) than for
c-plane growth (76 Torr). The thickness of the c-plane
(r-plane) AlN epitaxial film is about 1 μm (400 nm).
The well and barrier layer thicknesses of the fabricated
Al0.8Ga0.2N/AlN 3QWs are about 1.5 and 15 nm, respec-
tively. AlN homoepitaxial films and the QWs have very
high structural qualities with atomically smooth surfaces
and abrupt interfaces [17].

Temperature-dependent CL mapping is performed to
characterize the carrier recombination processes in the
AlN films and Al0.8Ga0.2N/AlN QWs in the temperature
range between 9 and 293 K. CL intensity maps are taken
under the panchromatic mode. The acceleration voltage
of an electron beam for SEM and CL measurements is
5 kV. Thus, the CL signals are only from the epilay-
ers. To precisely estimate the emission intensity without
the influences of carbon deposition and charge-up due to
the electron beam irradiation, temperature-dependent PL
measurements are also performed for the AlN films. The
excitation light source is a pulsed ArF excimer laser (193
nm) with a repetition frequency of 25 Hz and a pulse dura-
tion of 4 ns. The time-averaged excitation power density
ranges from 110 to 910 kW/cm2. Because our samples are
AlN films, the current laser condition can be regarded as a
moderate excitation condition.

III. RESULTS AND DISCUSSION

A. Impact of TDs on efficiency degradation

1. CL mapping

Because some of the excited carriers are captured by
nonradiative recombination centers, the emission inten-
sity reductions are often observed near extended defects
such as TDs. This is the reason that extended defects are
generally observed as dark spots or dark areas in CL (or
PL) intensity maps. Figure 1(a) illustrates such a situation.
Assuming isotropic carrier diffusion, the emission intensity
I(r) in the vicinity of a TD is written as

I(r) = I0 − ID exp
(

− r
Leff

)
, (1)

where r is the distance from a TD, I0 is the emission inten-
sity far from TDs, ID is the intensity reduction just at TDs,
and Leff is the carrier diffusion length. (All the variables
used in this paper are summarized in the Supplemental
Material [20].)

It must be noted that Eq. (1) may underestimate the
diffusion length unless a condition r � Leff is satisfied
[21,22]. However, extracting the precise diffusion length
requires knowledge of the typical dimension of TDs and
the recombination lengths at the surface and TD [22],
which are currently unknown for AlxGa1−xN. Therefore,
we use the simplified equation. We consider that this
approach hardly affects our analyses below, because what
we discuss is not the true diffusion length, but the CL con-
trast, which is well reproduced with Eq. (1). Furthermore,
the general relationship of (diffusion length)2 ∝ (recombi-
nation lifetime) is used in the following discussion using
Leff in Eq. (1) instead of the true diffusion length, which
also seems reasonable because the longer the true diffusion
length, the longer the estimated Leff. The validity of these
arguments is discussed below.
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(a) (b)

FIG. 1. Schematic images of the carrier recombination pro-
cesses and the resultant variation of the emission intensity near
TD when the dominant recombination centers are (a) TDs and
(b) PDs.

Then the contrast of a dark spot due to a TD can be
defined as

Cmax = ID

I0
. (2)

On the other hand, when PDs are the predominant non-
radiative centers, dark spots cannot be observed near TDs.
This is because, as shown in Fig. 1(b), most excited carriers
are captured by PDs, which are assumed to be uniformly
formed in the crystal, before reaching TDs. Note that dark
spots hardly appear even when radiative recombination
is the predominant process because most excited carri-
ers radiatively recombine before reaching TDs in such a
case. These considerations reveal that the impact of TDs
strongly depends on the other recombination paths. A
detailed characterization of the dark spots using CL map-
ping measurements is very useful to identify the dominant
recombination path. Figure 2 shows the CL intensity maps
of each sample and the SEM image of the r-plane AlN at
60 K (at the same place as the CL image of the r-plane
AlN at 60 K). All CL mapping measurements are per-
formed at structurally featureless areas. Figure 2(a) shows
an example. The CL maps clearly show dark spots at low
temperatures for the c- and r-planes AlN films, but the dark
spot contrasts are drastically weakened at RT. Because the
densities of the dark spots are comparable to TDDs in AlN
substrates confirmed by plan-view TEM, the dark spots
are attributed to TDs. On the other hand, dark spots are
not observed in the CL images of r-plane Al0.8Ga0.2N/AlN
QWs in the entire temperature region. The same tendency
also occurs in c-plane Al-rich AlxGa1−xN QWs. These
results indicate that the dominant recombination paths
depend on the temperature and sample structure.

To elucidate the carrier recombination processes in
AlxGa1−xN-related structures, the contrast variations in

(a)

(b)

FIG. 2. (a) SEM image of the r-plane AlN surface. (b) CL
intensity maps of AlN films and an r-plane Al0.8Ga0.2N/AlN QW
at low temperatures and RT. Measured area is 3 μm2 for all
images. For r-plane AlN, the SEM image and CL image at 60
K are acquired at the same position.

the vicinity of the dark spots of r-plane AlN are care-
fully analyzed as a function of temperature [Figs. 3(a)
and 3(b)]. The line profiles of the CL intensity across TDs
are well fitted with Eq. (1). Figure 3(b) shows a represen-
tative example of the analyses for the r-plane AlN film.
The experimental profiles quantify the temperature depen-
dences of the carrier diffusion length Leff and the dark spot
contrast Cmax, as shown in Figs. 4 and 5, respectively. The
carrier diffusion lengths cannot be determined for c-plane
AlN at high temperatures or for the QWs at any tempera-
ture because dark spots are not observed in the CL intensity
maps. It should be noted that the free excitonic emission is
the dominant PL component of our c-plane AlN at 10–300
K [23,24]. Therefore, the temperature variations of Leff and
Cmax are not due to variations of the emission origin.

2. Diffusion length, Leff

Figure 4 plots the determined the carrier diffusion length
Leff in the c- and r-planes AlN films as functions of tem-
perature. The carrier diffusion lengths in the AlN epilayers
have certain maximum values. The diffusion length Leff can
generally be written as

Leff =
√

Ddiff × τeff =
√

μkBT
e

× τeff, (3)

where Ddiff is the diffusion coefficient, which can be rewrit-
ten by Einstein’s relation using the carrier mobility μ,
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(a) (b)

FIG. 3. (a) CL images showing the temperature dependence of
the dark spot contrasts in the vicinity of TDs of r-plane AlN.
(b) Symbols and dotted lines are the experimental CL inten-
sity profiles across TDs in r-plane AlN at various temperatures.
(Data plots are selected to clearly show the tendency of the con-
trast variation.) Solid lines show the results of the fits using Eq.
(1). [Variation of SNRs (specifically between 60 and 80 K) is
partially due to a difference in the exposure time for the CL
mapping].

Boltzmann constant kB, temperature T, and elementary
electric charge e. τeff is the effective carrier recombination
lifetime.

For GaN, the role of TDs as recombination centers has
been discussed experimentally [25–27] and theoretically
[28]. However, the role of TDs is debatable for AlN. In
this study, we assume that TDs affect the motion of exci-
tons only in the vicinity of TDs, and the experimentally

FIG. 4. Temperature dependences of the carrier diffusion
lengths in the c- and r-planes AlN films. Solid curves are to guide
the eyes.

FIG. 5. Temperature dependences of the dark-spot contrasts in
the AlN films and the r-plane Al0.8Ga0.2N/AlN QW. Solid curves
are to guide the eyes.

acquirable diffusion length Leff in Eqs. (1) and (3) is deter-
mined by the recombination rate in the areas far from TDs.
These assumptions seem reasonable because the TDs in
our samples are thoroughly isolated from each other and
the typical carrier diffusion length of a few tens to hun-
dreds of nm is much greater than the dislocation core size
(approximately the length of the Burgers vector). Thus, τeff
is defined as

1
τeff

= 1
τrad

+ 1
τp

, (4)

where τrad is the radiative recombination lifetime and τp is
the nonradiative recombination lifetime due to PDs.

Here, we describe the interpretation for the mobility
and the carrier recombination lifetime of AlN and Al-
rich AlxGa1−xN used in this study. Electrons and holes
in AlxGa1−xN-related structures usually form pair states
(excitons) even at RT due to the large exciton-binding
energy. The diffusion coefficient of excitons may be lim-
ited by holes that are much heavier than electrons. In
addition, nonradiative recombination lifetimes of excitons
should be determined by the minority carriers because non-
radiative recombination centers are occupied with majority
carriers in many cases. We consider that the diffusion coef-
ficients and the nonradiative recombination lifetimes in our
undoped n−-type AlxGa1−xN samples are mainly deter-
mined by the holes’ characteristics. It has been reported
that the hole mobility in AlN is proportional to T−1.5 in
the high temperature range > 300 K due to phonon scat-
tering [29]. Although no experimental and theoretical data
are available for temperatures lower than 300 K, it is rea-
sonable to assume that the hole mobility is proportional
to Tm(m ≥ −1.5) at temperatures below RT, because other
scattering mechanisms such as ionized impurity scattering
(T1.5) may superimpose on phonon scattering. (Examples
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for GaN can be found in Ref. [30].) For m = −1.5, which
is the minimum value,

√
Ddiff ∝ T−0.25 is predicted from

the Einstein’s relation. Experimentally, on the other hand,
because the temperature-induced decreases of Leff in the r-
and c-planes AlN films (Fig. 4) are well reproduced with
T−0.65 and T−1.7, respectively, Leff is likely dominated not
by μ (Ddiff), but by τeff. In other words, τeff should decrease
as the temperature increases. This finding along with Eqs.
(3) and (4) indicate that τp dominates the Leff shortenings
at higher temperatures because τrad in the films is theoreti-
cally proportional to T+1.5. The shorter Leff in c-plane AlN
indicates that the c-plane AlN film has more PDs (shorter
τp ) than the r-plane AlN film. The different PD densi-
ties may be due to the growth conditions, and a detailed
explanation will be discussed elsewhere.

3. Dark-spot contrast Cmax

Figure 5 shows the temperature dependences of the
dark-spot contrasts in the AlN films and the r-plane
Al0.8Ga0.2N/AlN QW. For the AlN films, dark spots are
clearly observed at low temperatures (9–60 K), but their
contrasts drastically decrease (or are eliminated) as the
temperature increases (Fig. 3). Therefore, the temperature
dependences of Cmax also have maxima similar to Leff
(Fig. 5). This result indicates that the influence of PDs
increases as the temperature increases. Hence, the recom-
bination process in Fig. 1(b) becomes dominant over that
in Fig. 1(a). On the other hand, dark spots are not observed
in the CL image of the c- and r-planes Al0.8Ga0.2N/AlN
QWs in the whole temperature region. The tendencies of
the contrasts will be discussed in detail in Sec. III C, which
suggest that the emission intensities from QWs are less
affected by TDs than those of the AlN films.

4. Macroscopic impact of nonradiative recombination
centers on efficiency degradation

The temperature dependences of Leff and Cmax enable us
to estimate the efficiency degradation by TDs at various
temperatures. The total intensity loss caused by one TD
can be written as

iDtotal =
∫ ∞

0

∫ 2π

0

[
ID exp

(
− r

L

)]
rdθdr

= 2πL2ID, (5)

where L is the carrier diffusion length considering the
macroscopic impacts of TDs and PDs as described below.
(When the dark spots are well isolated and TDs do
not affect the carrier diffusion length, L = Leff.) L is
expressed by

L2 = Ddiff × τtotalarea , (6)

where τtotalarea is the macroscopic recombination lifetime
determined by

1
τtotalarea

= 1
τdisarea

+ 1
τeff

= 1
τdisarea

+ 1
τrad

+ 1
τp

. (7)

Here, τdisarea means the macroscopically averaged nonra-
diative recombination lifetime due to TDs. (It should be
noted that the variation in the carrier dynamics due to TDs
is totally ascribed to the recombination lifetime, and the
diffusion coefficient Ddiff is assumed to be constant.) More-
over, the correlation between the IQE (ηIQE) and τtotalarea is
described by

ηIQE = τ−1
rad

τ−1
disarea

+ τ−1
eff

= τtotalarea

τrad
. (8)

Equations (6) and (8) lead to L2 ∝ τtotalarea ∝ ηIQE. L2 can
be rewritten as

L2 = A × ηIQE, (9)

where A is a proportionality coefficient.
In areas sufficiently far from the dark spots due to TDs,

the effective efficiency ηeff can be written as

ηeff = τ−1
rad

τ−1
rad + τ−1

p
= τeff

τrad
. (10)

When TDs have a negligible impact on the macroscopic
emission efficiency and carrier diffusion length, ηIQE and
L are equal to ηeff and Leff, respectively. Because Eq. (9)
must be satisfied even in this situation, A can be written as
L2

eff/ηeff, and

L2 = L2
eff

ηeff
× ηIQE. (11)

When Imax is defined as the emission intensity for 100%
IQE, I0 and ID are written as

I0 = ηeff × Imax, (12)

and

ID = I0Cmax

= ηeff × ImaxCmax, (13)

respectively. Note that I0, ID, and Imax are the emission
intensities per unit area. Moreover, IQE can be described
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FIG. 6. Efficiency degradation due to TDs (ηTD) in the r-plane
AlN film. Broken, dash-dotted, and solid lines are the calculated
results for 9, 60, and 293 K, respectively.

using Eqs. (5), (12), and (13) as

ηIQE = I0 × S − iDtotal(TD × S)

Imax × S

= ηeff(1 − 2πL2CmaxTD), (14)

where TD is TDD and S is the area of the measured region.
Here, ηIQE is rewritten as

ηIQE = ηeff × ηTD, (15)

where ηTD is the efficiency with respect to ηeff and rep-
resents the impacts of TDs. (ηTD = 100% means that the
IQE is completely determined by PDs.) Then from Eqs.
(11), (14), and (15),

ηTD = 1 − 2πL2CmaxTD

= 1
1 + 2πL2

effCmaxTD
. (16)

[Equation (16) also relates L to Leff, which is discussed in
the Supplemental Material [20].]

Using the experimentally determined Leff (Fig. 4) and
Cmax (Fig. 5), the ηTD values for the r-plane AlN film at
certain temperatures are calculated as functions of TDD.
Figure 6 shows the results. The impact of TDs strongly
depends on the temperature.

To more quantitatively characterize the emission effi-
ciency degradations due to TDs, we defined TDDthreshold as
the extrapolation of ηTD to the 100% efficiency (Fig. 6),
which corresponds to the lowest limit of TDD that
degrades the emission efficiency. Figure 7 shows the esti-
mated TDDthreshold for r- and c-planes AlN as functions
of temperature. (In the Appendix, we indicate that the
TDDthreshold values estimated using Eq. (1) and the recently

FIG. 7. Threshold TDDs defined as the lowest limits that
degrade the IQE in the c- and r-planes AlN films.

proposed approach [22] are essentially the same, thereby
confirming the validity of the present analysis procedure.)
The IQE of the r-plane AlN film at RT is dominated by
PDs when TDD < 2.6 × 1010 cm−2. Because the c-plane
AlN film has more PDs and AlxGa1−xN/AlN QWs are
less affected by TDs as described above, TDDthreshold is
higher than that for the r-plane AlN film. Therefore, from
a macroscopic viewpoint, TDs rarely act as major nonra-
diative recombination centers at RT as long as TDD is less
than 2.6 × 1010 cm−2, regardless of whether AlN epitax-
ial films or AlxGa1−xN QWs are heteroepitaxially grown.
In fact, heteroepitaxial AlN films on sapphire substrates
with TDD < 5 × 109 cm−2 have recently been reported
[13,31,32]. Considering the reported TDDs of AlN films,
the results in this study strongly suggest that the most effec-
tive method to improve the IQE in the current Al-rich
AlxGa1−xN-related structures is not to reduce TDs, but to
reduce PDs.

It is noteworthy that the dark spots due to TDs are
observed in the c- and r-planes AlN films at low temper-
atures, even though TDDs are less than TDDthreshold in the
entire temepature range examined in this study (Fig. 7).
This means that although TDs can act as nonradiative
recombination centers, the influence is microscopically
limited in the vicinity of TDs, and the macroscopic effi-
ciency is predominantly determined by PDs over the entire
temperature range.

As described above, TDDthreshold is an index of the
impact of TDs on the efficiency degradation. However, it
strongly depends on many factors such as temperature, PD
density, sample structure, and alloy composition because
these factors affect the carrier diffusion length Leff. To sim-
plify and generalize the discussion, the correlation between
Leff and TDDthreshold is calculated using Eq. (16). The
effects due to the aforementioned factors are all included
in Leff. Figure 8 shows TDDthreshold as a function of Leff
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FIG. 8. Correlation between the carrier diffusion length and
TDDthreshold. Solid line is the theoretical lowest limit of TDD,
which affects the IQE regardless of the materials and structures.

using Cmax as a parameter. Here, the larger the Cmax, the
greater the impact of TDs on the efficiency degradation
[Eq. (16)], which leads to a lower TDDthreshold. The calcu-
lated TDDthreshold with Cmax = 1.0 indicates the theoretical
lowest limit of TDD that will affect IQE regardless of the
materials and structures. Therefore, PDs are the dominant
nonradiative recombination centers in the shaded region of
Fig. 8.

The reported hole diffusion lengths of GaN and Ga-rich
AlxGa1−xN films are several hundred nanometers [33–35].
They seem to be approaching the intrinsic material proper-
ties. If the hole diffusion lengths of undoped AlxGa1−xN-
related structures are also limited within approximately 1
μm due to the intrinsic characteristics (radiative recom-
bination processes), the reduction of TDDs less than
106 cm−2 does not improve the IQE regardless of the PD
density.

It has often been reported that the TDD reduction from
1010 cm−2 to 108 cm−2 improves the emission efficiency of
AlxGa1−xN LEDs [3,36,37]. This finding appears incon-
sistent with our proposal. Although we have not reached
a solid conclusion, this discrepancy has multiple plausi-
ble explanations. Generally, the TD movement requires the
motion of intrinsic PDs such as vacancies and interstitials.
Therefore, it is speculated that the growth conditions that
reduce TDD can also reduce the PD density. Another pos-
sibility is impurity segregation to the TD core. As reported
for GaN [38], intentional impurities such as Mg and unin-
tentional impurities such as O can segregate around TDs. If
a similar phenomenon occurs in AlN, TDD reduction may
suppress the incorporation of impurities. Consequently, the
emission efficiency increases because impurities often vary
the Fermi level, strongly affecting the formation energy
of intrinsic PDs and other impurity defects acting as non-
radiative recombination centers. Particularly for AlN, the

growth temperature is higher than that for GaN, and ele-
ments from the substrate such as O from sapphire can
easily diffuse into the AlN epitaxial film. In addition, the
higher Al composition in our samples (AlN or Al-rich
AlxGa1−xN) than in typical LEDs may promote the for-
mation of Al or Ga vacancies [39], which hide the role of
TDs in determining the emission efficiency. Further stud-
ies are necessary to clarify the physics that determines the
relationship between TDD and PD density.

B. PL studies to determine the activation energies of
PDs

1. Near-band-edge emission

Here, to clarify the correlation between the near-band-
edge emission (NBE) intensity and the carrier recom-
bination lifetimes, we consider the rate equation for
excited carriers (excitons). The rate equation is generally
expressed as

d�p
dt

= g − �p
τtotalarea

, (17)

where �p and g are the excess carrier density and the car-
rier generation rate, respectively. The left side of Eq. (17)
is equal to zero under the equilibrium conditions. Thus,

�p
τrad

= τtotalarea

τrad
× g

= ηIQE × g. (18)

Meanwhile, because �p/τrad is proportional to the NBE
emission intensity INBE(T), it is written as

INBE(T) = ηIQE × ImaxS. (19)

where S is the measured area used in Eq. (14). When TDs
are absent, ηIQE equals ηeff, and Eq. (12) is derived from
Eq. (19).

In this study, we consider that nonradiative recombina-
tion centers trap carriers through multiphonon emissions
(MPEs). In MPE processes, nonradiative recombination
paths are explained by configuration coordinate diagrams
[40], and the capture cross section of each defect is written
as

σi(T) = σ0i exp
(

− Eai

kBT

)
, (20)

where σ0i is the capture cross section at T → ∞ and Eai
is the activation energy, as shown in Fig. 9 (i is d or
p for TDs or PDs, respectively). Then the nonradiative
recombination lifetime due to each defect can be described
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FIG. 9. Configuration coordinate diagram of the MPE process
assuming TDs and PDs are different nonradiative recombination
paths.

as

τnonrad = 1
vthNtiσi(T)

= 1√
3kBT
m∗ Ntiσ0i exp

(
− Eai

kBT

) , (21)

where m∗ is the effective mass of carriers, vth is the ther-
mal velocity of carriers (=√

3kBT/m∗), and Nti is the trap
volume density of each defect. Moreover, the radiative
recombination lifetime is expressed by

τrad = αTγ , (22)

where α and γ are constants that depend on the dimension
of carrier confinement (γ = 3/2 or 1 for bulk or ideal QW,

respectively) [41,42]. From Eqs. (12), (21), and (22), the
temperature dependence of I0 can be written as

I0(T) = ηeff × Imax

= τ−1
rad

τ−1
rad + τ−1

p
× Imax

= Imax

1 + αTγ

√
3kBT
m∗

n∑
s=1

Ntpsσ0ps exp
(
−Eaps

kBT

) . (23)

Here, to reproduce the experimental results shown below,
multiple types of PDs are assumed (the number of the types
is n), and TDs are neglected due to the following reason.
From a macroscopic point of view (Fig. 7), TDDs in our
samples are sufficiently low and have a negligible effect on
the emission efficiency degradation in the whole tempera-
ture region. Therefore, thermal quenching in our samples
observed by the macroscopic measurements is ascribed to
only PDs, and the emission intensity INBE(T) ≈ I0(T)S.

We perform macroscopic PL measurements for the r-
plane AlN homoepitaxial film. Figure 10 shows the PL
spectra at low temperature and RT. In addition to NBE
emissions, deep-level emissions are observed. The peak
intensity (and the integrated intensity) of the NBE emis-
sion is much stronger than those of the deep-level emis-
sions regardless of temperature.

Figure 11 plots the temperature dependences of the
integrated PL intensities of NBE emissions under var-
ious excitation powers. Under any excitation condition,
two different types of thermal quenching are observed
at 10–200 and 200–300 K. Two-step thermal quenching
is also observed in the c-plane AlN film. These results
indicate that two types of PDs with different activation
energies Eap1 and Eap2 predominantly act as nonradia-
tive recombination centers in Al-rich AlxGa1−xN-related
structures.

Assuming n = 2 in Eq. (23), INBE(T) is expressed as

INBE(T) = ImaxS

1 + αTγ

√
3kBT
m∗

[
Ntp1σ0p1 exp

(
−Eap1

kBT

)
+ Ntp2σ0p2 exp

(
−Eap2

kBT

)] (24)

≈ ImaxS

1 + a exp
(
−Eap1

kBT

)
+ b exp

(
−Eap2

kBT

) , (25)

where a and b are approximated to be constants. Although
Eq. (24) is stricter, Eq. (25) is often used to estimate
the activation energy because the exponential term varies

more significantly than the Tγ+1/2 term due to tempera-
ture. PDs that cause the first (at 10–200 K) and the second
(at 200–300 K) thermal quenchings are referred to as P1
and P2, respectively. Thermal quenching due to those PDs
is well fitted with Eq. (25), as shown by the solid lines
in Fig. 11. The estimated activation energies of P1 and
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FIG. 10. PL spectra of the r-plane AlN film at 11 and 300 K.
Two breaks at approximately 3.0 and 3.2 eV are due to masking
of the second-order diffractions of the AlN band-edge emission
and excitation laser, respectively.

P2 are Eap1 ∼ 10 and Eap2 ∼ 130 meV, regardless of the
excitation power. However, stronger excitation conditions
lead to weaker thermal quenching due to the occupa-
tion of P1 and P2 by photoexcited carriers [9]. Note that
both of the estimated activation energies are considerably
different from the exciton binding energy of AlN (53.7
meV) [43]. This result indicates that thermal quenching is
mainly caused by the activation of PDs and not exciton
dissociation.

2. Deep-level emissions

Figure 12 shows the variations in the deep-level emis-
sion spectra of the r-plane AlN film due to temperature.
(To clearly see deep-level emissions, the second-order
diffractions of the AlN band-edge emission and excitation
laser are avoided by inserting a long-wavelength pass fil-
ter (> 250 nm) between the sample and monochromator.)
The deep-level emissions peaking at 3.0 and 4.3 eV are
predominantly observed at low temperatures and become
weaker as the temperature increases. The emission around
3.0 eV cannot be well separated, but the shoulders at
approximately 3.3 and 3.8 eV suggest that various com-
ponents are involved. On the other hand, the origin of the
emission at 4.3 eV is often ascribed to defects related to
carbon impurities [44]. However, it is uncertain whether
this is the case in our samples because the carbon impu-
rities in our samples are below the detection limit (< 2 ×
1016 cm−3) of secondary ion mass spectrometry (SIMS).
Unlike the aforementioned deep-level emissions at 3.0 and

FIG. 11. Integrated PL intensities of NBE emission of the r-
plane AlN film under various excitation powers. Intensities are
normalized by the maximum intensity of each excitation condi-
tion. Solid lines are the results of the fits with Eq. (25) assuming
two different PDs, P1 and P2.

4.3 eV, the emissions at approximately 3.2 and 3.5–3.7 eV
are pronounced above 200 K. The emission enhancement
means that the carrier transfer to the deep-level states is
promoted as the temperature increases.

FIG. 12. Deep-level emission spectra of the r-plane AlN film
at various temperatures. Spectral ranges (a), (b), and (c), which
span 3.1–3.4, 3.4–4.0, and 4.0–4.8 eV, respectively, show dis-
tinct PL behaviors. Emission intensity enhancement is clearly
observed for the emissions at approximately 3.2 and 3.5–3.7 eV
above 200 K.
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To further investigate the thermal quenching and a car-
rier transfer, we perform numerical analyses based on the
rate equation. The rate equation for deep-level emissions
can be expressed as

d�pD

dt
= gD − �pD

τDrad
− �pD

τDnonrad
+ �p

τtrans
, (26)

where �pD and gD are the excess carrier (exciton) density
in the deep-level state and the generation rate of carriers
directly excited from the ground state to the deep-level
state, respectively. τDrad and τDnonrad are the carrier recom-
bination lifetimes for �pD with and without deep-level
emissions, respectively. Note that �p is the excess carrier
density in the excited state (not in the deep-level state) and
τtrans is the carrier transfer lifetime from the excited state
to the deep-level state. Therefore, the last term of Eq. (26)
represents the carrier transfer rate from the excited state.
At equilibrium, d�pD/dt = 0. Thus,

�pD

τDrad
= τ−1

Drad

τ−1
Drad + τ−1

Dnonrad

(
gD + �p

τtrans

)
. (27)

From Eqs. (18) and (19), �p can be expressed as

�p = INBE(T)

ImaxS
× g × τrad. (28)

Substituting Eq. (28) into Eq. (27) gives

�pD

τDrad
= gD

1 + τDradτ
−1
Dnonrad

×
(

1 + gINBE(T)

gDImaxS
× τrad

τtrans

)
.

(29)

�pD/τDrad is proportional to the deep-level emission inten-
sity IDeep. τtrans is one of the nonradiative recombination
lifetimes for the carriers in the excited state. Therefore,
τDnonrad and τtrans can be expressed in the same form as
Eq. (21). Applying the same approximation as in Eq. (25)
yields

IDeep(T) ≈
1 + dINBE(T) exp

(
− Ea2

kBT

)

1 + c exp
(
− Ea1

kBT

) × IDeep(0), (30)

where IDeep(0) is the deep-level emission intensity at T = 0
K. c and d are constants related to the thermal quench-
ing and carrier transfer to the deep level, respectively. Ea1
and Ea2 are the respective activation energies. For sim-
plicity, we assume a single recombination path for thermal
quenching of the deep-level emission. To exactly consider
the temperature dependence of �p , the same excitation
power should be used for INBE(T) and for IDeep(T) in Eq.
(30) because INBE(T) strongly depends on the excitation
power (Fig. 11).

FIG. 13. Integrated PL intensities of deep-level emissions of
the r-plane AlN film as functions of temperature. Emission inten-
sities are integrated in ranges (a)–(c), defined in Fig. 12. Solid
lines are the results of the fits with Eq. (30) assuming the acti-
vation energies Ea1 and Ea2 for the thermal quenching and the
carrier transfer to the deep levels, respectively.

Although Eq. (30) assumes only a single deep-level
state, the broad PL spectra shown in Fig. 12 apparently
consist of multiple components, which are difficult to
unambiguously separate by multicomponent spectral fit.
Therefore, the PL intensities are integrated in three dif-
ferent spectral ranges [(a)–(c) in Fig. 12], which indicate
distinctive behaviors. The spectral ranges, which span (a)
3.1–3.4 eV, (b) 3.4–4.0 eV, and (c) 4.0–4.8 eV, are used in
the discussion with Eq. (30).

Figure 13 plots the temperature dependences of the inte-
grated deep-level emission intensities in ranges (a)–(c) of
the r-plane AlN film. The thermal behavior of the deep-
level emission intensity integrated in the full spectral range
(2.0–5.0 eV) is almost the same as that in range (a). In
ranges (a) and (b), the emission intensities are thermally
quenched below 200 K, but are enhanced above 200 K
due to the emissions peaking at approximately 3.2 and
3.5–3.7 eV, respectively. In range (c), the integrated PL
intensity is dominated by the emission at 4.3 eV. Ther-
mal quenching is monotonic, which differs from ranges (a)
and (b).

The solid lines in Fig. 13 are the fitted lines with
Eq. (30). The fits agree well with the experimental
results. INBE(T) under the same excitation conditions (410
kW/cm2) as Fig. 12 is used for the fits. The estimated
activation energy of the thermal quenching (Ea1) is approx-
imately 50 meV for all spectral ranges, and that of the
carrier transfer (Ea2) is approximately 130 meV for ranges
(a) and (b). It is noteworthy that d in range (c) is negligible
and the emission intensity is not enhanced. This is prob-
ably because the trap density or the capture cross section
of the deep-level state related to the 4.3-eV emission is
too small to capture the excess carriers in the excited state.
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FIG. 14. Carrier transfer or recombination paths mediated by
P2 in the configuration coordinate diagrams. Path (i) causes
radiative deep-level emissions and path (ii) is completely non-
radiative.

As a result, the majority of the carriers are transferred to
other deep-level states at elevated temperatures, and only
thermal quenching is observed in range (c).

The estimated Ea1 differs from the activation energies
of the aforementioned PDs (Eap1 and Eap2) because the
thermal quenching of the deep-level emissions and that
of the NBE emission are completely different phenomena.
Figure 14 shows the configuration coordinate diagrams
among the ground state (Uground), excited state (Uexcited),
and deep-level state. As an example, the deep-level state
due to P2 (Up2) is drawn. Eap2 is related to thermal quench-
ing of the NBE emission, whereas E′

ap2 is related to that of
the deep-level emission. Therefore, Eap2 and E′

ap2 differ in
most cases. In addition, carrier transfer from Up2 to other
deep-level states causes thermal quenching of the Up2-
related emission. Therefore, the estimated Ea1 can differ
from Eap1 and Eap2.

The estimated Ea1 (∼ 50 meV) has almost the same
value in the entire spectral ranges (a)–(c) despite the fact
that it should be related to different deep-level states. Con-
sidering Ea1 is very close to the exciton binding energy of
AlN (53.7 meV) [43], the thermal quenching of the deep-
level emissions in ranges (a)–(c) is ascribed to exciton
dissociation, and E′

ap2 in Fig. 14 is limited by the exciton
binding energy.

Because the thermal quenching of the NBE emission
above 200 K is dominated by P2, the deep-level emission
enhancements above 200 K in ranges (a) and (b) (Fig. 13)
may be related to P2 activation. When P2 is activated by
elevating the temperature, holes in Uexcited are trapped by
P2 and transferred to Uground through path (i) or path (ii)
in Fig. 14. In the case of path (i), a deep-level emission

with an energy corresponding to the transition from the
Up2 bottom to Uground occurs. Consequently, the deep-level
emission is enhanced. In fact, the activation energy of P2
(Eap2 ∼ 130 meV) is almost the same as the transfer acti-
vation energy Ea2 (∼ 130 meV), which suggests that P2
activation enhances the deep-level emission. Regardless
of the enhanced carrier transfer to the P2 state at ele-
vated temperatures, the total deep-level emission intensity
is weaker than that at low temperatures. This is because
recombination path (ii) is a completely nonradiative pro-
cess without any deep-level emissions and the carriers
captured by P2 recombine through either path (i) or (ii).
It is noteworthy that the deep-level emission enhancement
related to P1 activation (Eap1 ∼ 10 meV) is not observed,
which suggests that P1 activation is not accompanied by
deep-level emissions.

Because the enhanced emissions at 3.2 and 3.5–3.7
eV are due to the carrier transfer to P2, these emis-
sions may provide crucial information about the origin
of P2. Although various PDs in AlN lead to the deep-
level emissions [44–47], impurities, which are a type of
PD, may be excluded as a possible origin of P2 because
undoped AlN homoepitaxial films have very low den-
sities of impurities such as silicon, carbon, and oxy-
gen (in some cases, below the detection limit of SIMS
[23]). Moreover, the formation energies of various PDs
in AlN have been calculated [39,48,49], and those of Al
vacancies (VAl) and their complex defects in AlN with
n-type conductivity are remarkably lower than those of
simple substitutional impurity defects. VAl-related defects
are presumed to more easily form during the growth of
undoped AlN or undoped Al-rich AlxGa1−xN. The VAl-
related defects act as acceptorlike defects and are the most
stable in fully negative-charged states when the Fermi
level is in the upper part of the band gap. Especially, a
VAl-ON complex defect is easily formed in n-type AlN
(ON is a substitutional oxygen impurity defect), and the
formation energies of (VAl-ON)2− and (VAl-2(ON))− are
lower than that of V−

Al for most Fermi level positions [49].
Such fully negative-charged states of VAl-ON complexes
are unable to capture additional electrons. However, once
such defects capture holes to become (VAl-ON)− and (VAl-
2(ON))0 states, they can capture electrons with emissions
at 3.2 and 3.5 eV, respectively [49]. After electron cap-
ture accompanied by the deep-level emissions, these states
return to the fully negative-charged states again (Fig. 15).
Because the deep-level emissions at 3.2 and 3.5–3.7 eV
are enhanced by hole transfer to P2, the dominant nonra-
diative recombination center P2 may be a fully negative-
charged VAl-ON complex defect. Although we cannot com-
pletely identify the origin of P2 as either (VAl-ON)2− or
(VAl-2(ON))−, we consider that P2 is likely to be a (VAl-
2(ON))− defect because the deep-level emission at 3.5–3.7
eV is more significantly enhanced than that at 3.2 eV
(Fig. 13).
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C. Combined analyses of CL and PL

1. Microscopic impacts of nonradiative recombination
centers in the vicinity of TDs

Here, the temperature dependence of the dark-spot con-
trasts in the CL mapping is explained using the activation
energies derived from the PL measurements and the dif-
ference between AlN and GaN is discussed. Although the
impact of TDs is macroscopically negligible, its influence
near TDs must be considered to explain the dark-spot

contrast. The nonradiative recombination lifetime in the
close vicinity of TD is defined as τD, which can be writ-
ten as Eq. (21) (where i = d). Here, it should be noted that
Ntd is not the areal density of TDs, but the volume density
of traps due to TD. In other words, Ntd is the volume trap
density near the dislocation core and is equal to zero far
from TDs. Therefore, the microscopic emission intensity
in the vicinity of TD [r = 0 in Eq. (1)] is determined by
the lifetimes τD, τp , and τrad, which is given as

I0(T) − ID(T) = τ−1
rad

τ−1
rad + τ−1

d + τ−1
p

× Imax

= Imax

1 + αTγ

√
3kBT
m∗

[
Ntdσ0d exp

(
− Ead

kBT

)
+ Ntp1σ0p1 exp

(
−Eap1

kBT

)
+ Ntp2σ0p2 exp

(
−Eap2

kBT

)] . (31)

The CL contrast Cmax can be written using Eqs. (2), (23)
(where n = 2), and (31) as

Cmax(T) = ID(T)

I0(T)

=
αTγ

√
3kBT
m∗ Ntdσ0d exp

(
− Ead

kBT

)

1 + αTγ

√
3kBT
m∗

[
Ntdσ0d exp

(
− Ead

kBT

)
+ Ntp1σ0p1 exp

(
−Eap1

kBT

)
+ Ntp2σ0p2 exp

(
−Eap2

kBT

)] . (32)

FIG. 15. Schematic image of hole capture mediated by the
(VAl-2(ON))− state and the following deep-level emission. (i) and
(ii) are the carrier paths illustrated in Fig. 14.

The solid lines in Figs. 16(a) and 16(b) show the fitted tem-
perature dependence of CL contrasts in the c- and r-planes

AlN films using Eq. (32). We used Ead and Fi (i = d, p1,
and p2) as the fitting parameters, where Fi is defined as

Fi = α

√
3kB

m∗ Ntiσ0i. (33)

Note that Eap1 (∼ 10 meV) and Eap2 (∼ 130 meV) in the
fits are fixed based on estimates of the PL measurements
in Sec. III B. Furthermore, Ead and Fd are common to
the c- and r-planes AlN films because both substrates are
sliced from similarly grown AlN ingots and τD (as well as
Eap1 and Eap2) should be intrinsically determined by the
material. Assuming γ = 3/2 for the AlN films, the fitting
curves are uniquely determined. The estimated activation
energy of TDs (Ead) is approximately 2.5 meV from these
fits. Table I shows the activation energies of the dominant
nonradiative recombination centers near TDs.

Figures 16(d) and 16(e) show the correlations of radia-
tive and nonradiative recombination lifetimes in the c- and
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(a) (b) (c)

(d) (e) (f)

FIG. 16. Temperature depen-
dences of the dark-spot contrasts
in (a) the c-plane AlN film, (b)
the r-plane AlN film, and (c) the
r-plane Al0.8Ga0.2N/AlN QW.
Solid lines in (a) and (b) show the
contrasts fitted with Eq. (32). In
(c), the broken line is the calcu-
lated result using the appropriate
estimation of τrad. Temperature
dependences of the recombination
lifetimes in the c-plane AlN film,
the r-plane AlN film, and the
r-plane Al0.8Ga0.2N/AlN QW are
calculated as shown in (d), (e), and
(f), respectively, which reproduce
the solid and broken lines in
(a), (b), and (c). In (d), (e), and
(f), dotted, broken, dash-dotted,
dash-double-dotted, and solid lines
represent τrad, τD, τp1, τp2, and
τtotal, respectively.

r-planes AlN films that provide the best fits in Figs. 16(a)
and 16(b), respectively. Here, the total recombination life-
time in the vicinity of a TD is expressed as

1
τtotal

= 1
τrad

+ 1
τD

+ 1
τp1

+ 1
τp2

, (34)

where τp1 and τp2 are the nonradiative recombination life-
times due to P1 and P2, respectively. Equation (34) indi-
cates that the shortest lifetime dominates τtotal. In other
words, a recombination process with the shortest lifetime
is the dominant recombination path. Therefore, the temper-
ature variation of the dominant recombination path can be
determined from Figs. 16(d) and 16(e). Table II lists the

TABLE I. Activation energies of TDs and PDs in AlN. Ead
is estimated from the fits of Eq. (32) to the CL contrast, as
shown in Figs. 16(a) and 16(b). Eap1, and Eap2 are estimated
from the fits of Eq. (25) to the PL intensity, as shown in
Fig. 11.

Ead (meV) Eap1 (meV) Eap2 (meV)

2.5 10 130

results. The dominant nonradiative recombination paths in
the vicinity of TDs change from TDs (or P1) to P2 as the
temperature increases.

On the other hand, for AlxGa1−xN/AlN QWs, dark spots
are not observed at any temperature (Fig. 5). Generally,
the radiative recombination lifetimes in QWs are much
shorter than those in films, and their temperature depen-
dences differ [γ = 3/2 for bulk and 1 for QW in Eq. (22)].
These are due to the lower dimensional confinement of
excitons in QWs. Assuming that the nonradiative recombi-
nation lifetimes in QWs are the same as those in AlN films,
the temperature variations of the contrasts and the recom-
bination lifetimes are calculated as shown in Figs. 16(c)
and 16(f), respectively. Figure 16(f) shows that the dom-
inant recombination paths are changed from radiative to
P2-mediated nonradiative recombinations without going
through the TD-dominant region (Table II) due to the
shorter QW radiative recombination lifetime. This is why
dark spots are not observed at any temperature. The emis-
sion intensities of QWs are less affected by TDs than those
of AlN films.

For both the AlN films and AlxGa1−xN QWs, the dark-
spot contrasts are considerably weakened at RT because
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TABLE II. Dominant recombination paths in the vicinity of
TDs in the whole temperature region. Rad means radiative
recombination.

Sample 0–30 K 30–100 K 100–140 K 140–200 K 200 K –

c-AlN Rad (TD →) P1 P2
r-AlN Rad TD P2
QW Rad P2

P2 becomes the dominant recombination center. It is note-
worthy that these contrast behaviors completely differ from
those in GaN and Ga-rich AlxGa1−xN [50–53]. Unlike AlN
and Al-rich AlxGa1−xN, dark spots due to TDs are clearly
observed for GaN even at RT, implying that τD is shorter
than τp even at RT in GaN. This may be because the den-
sity of Ga vacancies (VGa) in GaN is much lower than
that of VAl in AlN. This assertion is supported by the the-
oretical consideration showing that the formation energy
of VGa is larger than that of VAl [39]. Therefore, more
attention should be paid to PDs and their activities in AlN
and Al-rich AlxGa1−xN compared with GaN and Ga-rich
AlxGa1−xN. In fact, the impacts of TDs in AlN (in Fig. 6)
are much smaller than those of GaN [54].

To compare the impact of nonradiative recombination
centers on the emission intensity near TDs for c- and
r-planes AlN films, we defined the nonradiative recombi-
nation parameter Mi as Ntiσ0i. Because σ0i is the capture
cross section at T → ∞ [see Eq. (20)], Mi means a car-
rier density captured by the defects (corresponding to i)
at T → ∞. Therefore, the nonradiative recombination rate
due to the defect is proportional to Mi at any temperature.
Hence, Mi is an effective index to characterize the impact
of a defect. Note that σ0i is basically determined by the
material and the defect type.

When the dark-spot contrasts are fitted with Eq. (32)
[Figs. 16(a) and 16(b)], we obtain Fi [expressed as Eq.
(33)] as the fitting parameters. Although α, which is related
to the radiative recombination lifetime [see Eq. (22)], is
not determined by the fit, we can exclude its influence by
calculating the ratio of Fi to Fd as

Fi

Fd
= Ntiσ0i

Ntdσ0d

= Mi

Md
. (35)

As previously mentioned, Fd (Md) should have the same
value in the c- and r-planes AlN films. Therefore, Mi/Md

can be a relative index to evaluate the impact of PDs with
respect to TDs. Mi/Md in c- and r-planes AlN calculated by
Eq. (35) are shown in Table III. Mi/Md greater than unity
indicates that P1 and P2 predominantly act as nonradiative
recombination centers compared with TDs at sufficiently
high temperatures even in the vicinity of TDs. Despite the
large activation energy, P2 can be a dominant nonradiative
recombination center at RT in AlN films because Mp2 is
remarkably larger than Md and Mp1. Considering that σ0i
should be the same for the same type of defects in AlN
films, the relative trap density of the same type defects
between the c- and r-planes AlN films can be calculated
as

M (c)
i /Md

M (r)
i /Md

= M (c)
i

M (r)
i

= N (c)
ti

N (r)
ti

, (36)

where the superscript characters (c) and (r) mean the c-
plane and r-plane, respectively. The P1 and P2 densities
(Ntp1 and Ntp2) in c-plane AlN estimated by Eq. (36) are
7.6 times and 540 times as large as those in r-plane AlN,
respectively. This result well explains the shorter Leff and
the weaker Cmax in c-plane AlN at RT in Sec. III A.

2. Prediction of the defect-density dependence of
macroscopic efficiency degradation

Thus far, we have demonstrated that the macroscopic
emission efficiency of AlN and Al-rich AlxGa1−xN with
relatively low TDDs is determined by the competition
between radiative recombination and nonradiative recom-
bination due to PDs at any temperature (Fig. 7). On the
other hand, the local efficiency in the vicinity of TDs
is affected by TDs or PDs, depending on the tempera-
ture (Fig. 16). Here, we predict the dominant nonradia-
tive recombination center and the consequent macroscopic
efficiency of AlN as functions of TD and PD densities.

When the PD densities vary from Ntp1 (Ntp2) to N ′
tp1

(N ′
tp2), the relative PD density is defined as

Ri = N ′
ti

Nti
, (37)

where i = p1 or p2. The dark-spot contrast (Cmax) and
effective diffusion length (Leff) accordingly vary. They can
be rewritten using Eqs. (3), (4), (32), (33), and (37) as

C′
max(T) = 1 + Tγ+1/2

[
Fd exp (−Ead/kBT) + Fp1 exp

(−Eap1/kBT
) + Fp2 exp

(−Eap2/kBT
)]

1 + Tγ+1/2
[
Fd exp (−Ead/kBT) + Fp1Rp1 exp

(−Eap1/kBT
) + Fp2Rp2 exp

(−Eap2/kBT
)] × Cmax(T), (38)
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and

L′2
eff(T) = Ddiffτ

′
eff

Ddiffτeff
× L2

eff(T)

= 1 + Tγ+1/2
[
Fp1 exp

(−Eap1/kBT
) + Fp2 exp

(−Eap2/kBT
)]

1 + Tγ+1/2
[
Fp1Rp1 exp

(−Eap1/kBT
) + Fp2Rp2 exp

(−Eap2/kBT
)] × L2

eff(T), (39)

respectively, where τ ′
eff is the effective carrier recombina-

tion lifetime reflecting the changes of the defect densities.
For simplicity, Ddiff is assumed to be unaffected by the
PD-density variation, similar to the discussion in Sec. 4.
Cmax(T) and Leff(T) at certain temperatures are experimen-
tally obtained, and the remaining parameters except for Ri
are estimated by the aforementioned fits.

ηTD in Eq. (16), which is an index of the impact of TDs
on efficiency degradation, can be described as a function of
Ri using C′

max(T) and L′
eff(T), which are expressed in Eqs.

(38) and (39), instead of Cmax and Leff, respectively. When
TDD is fixed at 1 × 108 cm−2, ηTD at 293 K is calculated as
shown in Fig. 17(a), where Ntp1 and Ntp2 vary with respect
to the trap densities in r-plane AlN [using N (r)

ti as a denom-
inator of Ri in Eq. (37)]. In Fig. 17(a), ηTD = 100% means
that the dominant nonradiative recombination centers are
PDs. Both the c- and r-planes AlN films investigated in this
study are located in the P2-dominant region. For example,
to achieve ηTD < 50% in the r-plane AlN film, Fig. 17(a)
indicates that P2 should be decreased by < 1/65. On the
other hand, additional P1 reduction followed by a substan-
tial decrease in P2 (< 1/104) is required for the c-plane
AlN film. This is due to the large Mp1 (Table III).

The NBE emission intensity INBE(T) defined as Eq. (19)
can also be evaluated. The relative NBE emission intensity
is expressed using Eqs. (3), (10), and (15) as

I ′
NBE(T)

INBE(T)
= η′

TDτ ′
eff

ηTDτeff

= η′
TDL′2

eff(T)

ηTDL2
eff(T)

, (40)

where η′
TD means ηTD reflecting the variations of the defect

densities and is calculated in Fig. 17(a).
Then the relative NBE emission intensity at 293 K nor-

malized by that of r-plane AlN under the same conditions
as Fig. 17(a) is calculated using Eq. (40). Figure 17(b)
shows the calculation result. Reducing P1 does not
improve the emission intensity of r-plane AlN, whereas
reducing P2 (<1/65) can increase the current emission
intensity by 20 times. A similar tendency also occurs for

(a)

(b)

FIG. 17. (a) Calculated ηTD at 293 K when TDD is fixed at 1 ×
108 cm−2, while Ntp1 and Ntp2 are varied. Ntp1 and Ntp2 relatively
vary with respect to the trap densities in r-plane AlN. (b) Relative
emission intensity is calculated under the same conditions as (a).

c-plane AlN; the intensity improvement rate by reducing
P2 (< 1/104) should be three orders of magnitude higher
than r-plane AlN. This is due to the large Mp2 in c-plane
AlN (Table III).
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TABLE III. Nonradiative recombination parameters Mi
(= Ntiσ0i) normalized by Md. Here, Md is fixed in both c-
AlN and r-AlN because Ntd and σ0d are basically determined
by the material.

Sample Md/Md Mp1/Md Mp2/Md

c-AlN 10 1.6 × 107

1.0
r-AlN 1.4 3.0 × 104

In the same way as Fig. 17(a), ηTD at 293 K is calcu-
lated with fixed Ntp1 (= N (r)

tp1), while TDD and Ntp2 are
varied. Figure 18(a) shows results, where Ntp2 is varied
relative to the trap density in r-plane AlN. Furthermore,
Fig. 18(b) shows the emission intensity at 293 K normal-
ized by that of r-plane AlN under the same conditions as
Fig. 18(a). Similar to reducing P1 [Fig. 17(b)], reducing

(a)

(b)

1 × 10–3

1 × 10–4

FIG. 18. (a) Calculated ηTD at 293 K when Ntp1 is fixed, while
TDD and Ntp2 are varied. Ntp2 relatively varies with respect to
the trap density in r-plane AlN. (b) Relative emission intensity is
calculated under the same conditions as (a).

TDs does not improve the emission intensity of r-plane
AlN. However, reducing P2 can remarkably strengthen
the emission intensity [55]. After the P2 reduction, TDs
become the dominant nonradiative recombination centers,
and a decrease of TDD to 106 cm−2 can achieve about a
200-times larger emission than the current intensity. At
this stage, we are approaching the P1-dominant region
[Fig. 18(a)]. Consequently, P1 reduction is necessary for
further improvements.

IV. CONCLUSIONS

We performed CL and PL measurements to clarify the
dominant nonradiative recombination paths in AlN and Al-
rich AlxGa1−xN structures. TDs and two types of PDs (P1
and P2) mainly act as nonradiative recombination centers,
and their estimated activation energies are approximately
2.5, 10, and 130 meV, respectively. Despite the large
activation energy, P2 predominantly affects the emission
intensity at RT due to its high trap density. Therefore, P2
(not TDs) has to be reduced to improve the IQE of AlN and
Al-rich AlxGa1−xN structures. Since the deep-level emis-
sions at 3.2 and 3.5–3.7 eV are enhanced by hole transfers
to P2 near RT, P2 may be fully negative-charged VAl-ON
complex defects. The formation energy of VAl in AlN is
smaller than that of VGa in GaN, and P2 can be easily gen-
erated in AlN and Al-rich AlxGa1−xN structures. Hence,
the impacts of TDs in AlN are much smaller than those
of GaN. Because the growth conditions may change the
P2 density, optimization of the growth conditions with an
emphasis on the PD reduction is very important.
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APPENDIX: EVALUATION OF THE FITTING
METHODS OF CL CONTRASTS

Throughout the paper, the impact of TDs on the effi-
ciency degradation is analyzed based on the experimental
CL results, where the CL contrasts are fitted with Eq. (1).
Equation (1) using an exponential function is an approxi-
mation, and K. K. Sabelfeld et al. have recently derived a
stricter expression for CL contrasts in the vicinity of TDs,
which is written as [22]

I B(r) = I0

[
1 − lK0(r/Leff)

LeffK1(r0/Leff) + lK0(r0/Leff)

]
. (A1)
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FIG. 19. TDDthreshold for an r-plane AlN film derived from
Eqs. (1) and (A1).

Here, l is the recombination length at a dislocation, K0(x) is
the zero-order modified Bessel function of the second kind,
K1(x) is the first modified Bessel function of the second
kind, and r0 is the radius of a TD. Equation (1) corresponds
to the asymptotic approximation of Eq. (A1). Similar to
Eq. (16) in Sec. IIIA4, ηTD, which is defined as the effi-
ciency with respect to the efficiency in the absence of TDs,
is rewritten as

ηTD = 1 −
∫ ∞

0

∫ 2π

0
TD

[
rlK0(r/L)

LK1(r0/L) + lK0(r0/L)

]
dθdr.

(A2)

The second term in Eq. (A2) is a more precise expression
of the efficiency degradation due to TDs than 2πL2CmaxTD
in Eq. (16). Thus, TDDthreshold, which is the lowest limit of
TDD that degrades the emission efficiency, is expected to
be more accurately estimated from Eq. (2).

However, fits with Eq. (A1) are difficult compared with
those with Eq. (1) due to the larger number of the fitting
parameters. Particularly, because both r0 and l affect the
recombination velocity around a TD, separately determin-
ing them from experiments is difficult. K. K. Sabelfeld et
al. have suggested to treat r0 as a constant (1 nm) [22],
but, in general, r0 depends on the condition around a TD.
Moreover, l is a function of Leff in our model, which makes
the fitting procedure more complicated.

Thus, it is difficult to uniquely determine the parame-
ters in Eq. (A1) for our results, and different parameter sets
can equally well reproduce the CL contrast. However, it is
noteworthy that once the CL contrast is reproduced, differ-
ent parameter sets offer similar ηTD and TDDthreshold values,
thereby justifying the analyses based on Eq. (A2).

To quantitatively evaluate the validity of the approxi-
mation shown in Eq. (1), Fig. 19 compares TDDthreshold
for an r-plane AlN film derived from Eqs. (1) and (A1).

(For the fit with Eq. (A1), we assume r0 = 1 nm, as sug-
gested in Ref. [22].) The estimated TDDthreshold values
are almost unchanged regardless of the fitting methods.
Therefore, we conclude that the asymptotic approxima-
tion expressed by Eq. (1) is effective to evaluate the TD
impact on the efficiency degradation, as described in the
main text. Furthermore, Eq. (1) is a good approximation in
terms of uniqueness of fits, though the diffusion length is
underestimated.
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