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Long-range electron-hole exchange interaction in aluminum nitride
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To resolve the discrepancies in the exciton fine structure of aluminum nitride (AIN), polarization- and
angle-resolved photoluminescence (PL) spectroscopies are performed. The excitonic PL spectra strongly depend
on the optical polarization and detection angle. We propose that both the long-range and short-range electron-
hole exchange interaction should be used to interpret the luminescence spectra. The theoretical framework
fully explains the present and previous experimental results. The large longitudinal-transverse splitting energy
obtained in this study suggests that AIN has strong light-matter coupling without quantum-confined structures.
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Solid-state light sources in the deep-ultraviolet (DUV)
spectral region have attracted much attention for diverse
applications. These include gas (e.g., NOy) sensing, virus
inactivation, fluorescence microscopy, and water purifica-
tion [1-3]. However, the performance of DUV light-emitting
diodes and laser diodes is low compared to that of visible
ones [1,4,5]. Because the active layer of DUV light-emitting
devices is composed of aluminum gallium nitride (AlGaN),
which is an alloy of gallium nitride (GaN) and aluminum
nitride (AIN), the optoelectronic properties of GaN and AIN
should be thoroughly understood to enhance the performance
of DUV light-emitting devices.

In this study, we focus on the intrinsic physics of excitons
in AIN. Although the intrinsic excitonic properties of GaN
are well understood [6-8], the exciton fine structure of AIN
remains controversial. Figure 1 shows the excitonic photolu-
minescence (PL) spectrum of a c-plane homoepitaxial AIN
film at 10 K. The 6.0112 eV peak is assigned to the optical
transition of an exciton bound to a neutral donor silicon [9].
We proposed that the 6.0267- and 6.0399-eV peaks originate
from the optical transition of a free exciton with irreducible
representations of I's and I'y, respectively [10]. Some studies
support our assignment [11-15]. On the other hand, Feneberg
et al. proposed that the 6.0267-eV peak originates from a neu-
tral donor-bound-exciton transition and the 6.0399-eV peak
is due to a free exciton with the irreducible representation of
I's [16]. Other studies support their assignment [17-20]. In ad-
dition to this discrepancy, nonpolar and semipolar plane AIN
samples exhibit lower PL peak energies than those for c-plane
AIN [16,21]. These behaviors cannot readily be explained by
the difference of the residual strain. To address these issues
and the origin of the 6.0306-eV peak, this study performs
polarization- and angle-resolved PL spectroscopy for AIN.
The experimental results can be explained by considering
both the long-range and short-range electron-hole exchange
interaction in AIN.
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We employed two samples. The first one was a c-plane
homoepitaxial AIN film grown by metal-organic vapor phase
epitaxy on an AIN bulk substrate. The screw and edge dis-
location densities were 1 x 10° cm~2 and <4 x 10° cm™2,
respectively. The carbon concentration in the epilayer was
below the detection limit of secondary ion mass spectroscopy,
which is <3 x 10!7 cm™3. The oxygen and silicon concen-
trations were near the detection limit of 6 x 10'7 cm™3 and
1 x 10'® cm™3, respectively. Pretreatment of the substrate
and the growth conditions are detailed elsewhere [22]. The
second sample, an m-plane bulk AIN, was synthesized by a
physical vapor transport method (purchased from CrystAl-N).
Although the impurity concentrations were not evaluated, the
PL spectra indicated relatively high impurity concentrations
compared to those in the first sample. The effect of the residual
strain difference between the samples can be neglected be-
cause we set the emission energy from a neutral donor-bound
exciton at 6.0112 eV. (The binding energy of the donor-bound
exciton is assumed to be strain-independent.)

Polarization- and angle-resolved PL spectroscopies were
performed using a pulsed ArF excimer laser (A = 193 nm). A
linear-polarizer (DUVGT-15, Kogakugiken) was used for the
polarization-resolved PL. measurements. For angle-resolved
PL measurements, detection optics with an acceptance angle
of 6.9° were mounted on a rotating optical bench and the
following luminescence signals were guided to the entrance
slit of a monochromator by a solarization-resistant optical
fiber. The PL signals were dispersed by a 50-cm monochro-
mator with a LN,-cooled charge-coupled device. The spectral
resolution exceeded 0.045 nm at a wavelength of 200 nm,
which corresponds to about 1 meV. The sample was loaded in
a closed-cycle conduction-cooling cryostat. All the PL mea-
surements were performed under a weak excitation condition
(linear response regime).

Before describing the experimental results, the excitonic
structure of AIN should be recalled [10]. Wurtzite crystals
(e.g., AIN, GaN, and ZnO) have crystal symmetry belong-
ing to the Cg, point group. The irreducible representations
of the 1s exciton are written as 2I'y @ 2, @ 3I's @ . T'y
(singly degenerated) and I's (doubly degenerated) are dipole-
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FIG. 1. PL spectrum of a c-plane homoepitaxial AIN film at
10 K. The excitation power density is 19 kW/cm?. There is no
consensus on the origin of the 6.0267, 6.0306, and 6.0399 eV peaks.

allowed states for E || c and E L c, respectively. E and c are
the electric field and the c-axis, respectively. I'; (singly de-
generated) and I'¢ (doubly degenerated) are dipole-forbidden
states. GaN and ZnO have a positive crystal-field splitting
energy [8,23] while AIN has a huge negative crystal-field
splitting energy [11]. Consequently, the A exciton (composed
of the crystal-field split-off hole in AIN) has irreducible rep-
resentations of I'; @ I', @ I's. The exciton binding energy of
AIN ranges from 52 to 67 meV [14,24,25].

Figure 2 shows the polarization-dependent PL spectra of
a c-plane homoepitaxial AIN film at 10 K when the sample
was excited from the surface normal and the PL signal was
detected at an angle of 60° from the surface normal. The
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FIG. 2. Polarization-dependent PL spectra of a c-plane homoepi-
taxial AIN film at 10 K. The excitation power density is 72 kW /cm?.
The 6.0267-eV peak has an optical polarization of E L ¢ whereas the
6.0306 and 6.0399 eV peaks have an optical polarization of E || c.

angles in Fig. 2 represent the tilt angle of the linear-polarizer.
An angle of 0° corresponds to E L c. The E || ¢ component
increases as the angle increases. The 6.0267-eV peak appears
regardless of the tilt angle, indicating that the peak has an
optical polarization of E L ¢ and an irreducible representation
of I's. This is consistent with our previous studies [10,22].
Figure 2 also indicates that the 6.0306 and 6.0399 eV peaks
have an optical polarization of E | ¢. Hence, the two emission
peaks have an irreducible representation of 'y [10].

Next, angle-resolved PL spectroscopy was performed for a
c-plane homoepitaxial AIN film. Figure 3(a) shows the exper-
imental setup. The detection (external) angle ¢ is defined by
the inclination angle of the detection optics from the c-axis
of AIN. The relation between ¢ and the internal angle 6
[as defined in Fig. 3(a)] for the c-plane AIN is derived by
Snell’s law assuming that the refractive index is 2.9 [26].
Figure 3(b) shows the 6-dependent PL spectra of the c-plane
homoepitaxial AIN film at 10 K, where the peak intensities
are normalized. At 6 = 0°, the experimental configuration
is (k || ¢, E L ¢), where k is the Poynting vector of the lu-
minescence signals. The (k L ¢, E || ¢) component increases
with 6. The 6.0267-eV peak emission decreases while the
6.0306 and 6.0399 eV peaks increase as 0 increases due to the
selection rule described in the previous paragraph. Figure 3(b)
also shows the PL spectrum of the m-plane bulk AIN (violet,
dotted line) at 10 K. The m-plane bulk AIN was excited at an
(external) angle of 60° from the surface normal, and the PL
signal was detected from the surface normal. Thus, the exper-
imental configuration is k L ¢ (¢ =6 = 90°). Although the
6.0306 and 6.0399 eV peaks have the same optical polariza-
tion (E || ¢), the 6.0306-eV peak disappears for k || ¢ whereas
the 6.0399-eV peak disappears for k L ¢ [Fig. 3(b)]. The
results indicate that the 6.0306-eV peak is a transverse wave
(k L E) with an irreducible representation of I'; (hereafter,
it is denoted as I'T), while the 6.0399-eV peak is a longitu-
dinal wave (k || E) with an irreducible representation of I';
(hereafter, it is denoted as I'}'). Hopfield et al. pointed out that
longitudinal excitons are observable in uniaxial crystals due
to the finite wave number of excitons [27]. It should be noted
that we assigned the 6.0306-eV peak to the bound state of the
6.0399-eV peak [10,21]. We herein revise the assignment (a
free transverse exciton with an irreducible representation of
).

Below, we interpret the experimental results. To date, the
Ls excitonic effective Hamiltonian A with a 12 x 12 matrix
has been used to describe the excitonic structure of GaN and
AIN as

H= AIJZZ + ArJ;0y; + As(04 - +0-yJ1) + %jO(Je - on),
ey

where Aj, A3, and jy describe the crystal-field splitting,
spin-orbit interaction, and short-range electron-hole exchange
interaction, respectively [7,8,10,11,16]. J and o describe
the orbital angular momentum and Pauli-matrix operator,
respectively [28]. However, this framework cannot explain
angle-dependent PL emission energies. Figure 3(c) shows an
expanded graph of Fig. 3(b), including the Lorentizian-fitted
curves of the experimental PL spectra. An emission energy
(left dotted line) depends on the detection angle. Therefore,
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FIG. 3. (a) Experimental setup for angle-resolved PL spectroscopy. Relation between the detection (external) angle ¢ and the internal
angle 6 for c-plane AIN is also shown. (b) Angle-resolved PL spectra of a c-plane homoepitaxial AIN film and an m-plane bulk AIN (violet,
dotted line) at 10 K. # = 0° corresponds to the ordinary-ray configuration. The excitation power density is 63 kW /cm?. The 6.0306-eV peak
disappears for k || ¢ whereas the 6.0399-eV peak disappears for k L c. (c) Expanded graph of Fig. 3(b). The peak intensities are normalized.
Black solid lines are Lorentzian-fitted curves while black dotted lines represent the spectral component (two Lorentzian fitting). An emission

energy (left dotted line) depends on the detection angle.

we propose adding a long-range electron-hole exchange in-
teraction [29] to Eq. (1). Because the A exciton in AIN
is energetically decoupled from the B and C excitons by
the strong crystal-field splitting [11], their mixing can be
neglected. Within this approximation, the four A exciton ener-
gies, Er,, Er,, and Er,, can be written as

Er, = Er,, (2

Er,(0) = Er, + 2(jo + ji cos*0), 3)

where j is the long-range electron-hole exchange interaction
constant [29]. In AIN, Eq. (2) shows that the energy of the A
exciton with an irreducible representation of I's is independent
of O because of the tiny oscillator strength, while Eq. (3)
indicates that the energy of the A exciton with an irreducible
representation of I'; has an angle-dependent energy due to
the large oscillator strength. According to our experimental
results, Er, (0 = 0°) (that is I‘{‘) and Er, (6 = 90°) (that is
I'T) have energies of 6.0399 and 6.0306 eV, respectively.
Consequently, jo and j; are derived as 4+1.95 and 4+4.65 meV,
respectively. Table I summarizes the 8 dependence of Er, . The
experimental data for semipolar AIN films [21] are also taken.
Er, is deduced by the Lorentzian fitting of the experimental
PL spectra. Figure 4 shows the experimental and calculated
0-dependences of the A exciton energies in AIN at the I
point at 10 K. Our theoretical framework fully explains the
angle-dependent experimental results. It also solves the prob-
lem [16] where nonpolar and semipolar AIN samples exhibit
lower PL peak energies (the luminescence signals were de-
tected from the surface normal) compared to those for c-plane
AIN samples. Figures 3(b) and 3(c) show the background
emissions between 6.0306 and 6.0399 eV at 6 # 0° and 90°,
which are attributed to the complexed upper/lower branch of

the mixed mode exciton-polariton [30] in AIN. However, this
finite wave-vector effect is beyond the scope of this paper.
Finally, we compared the present results to those in pre-
vious studies. The luminescence properties of an m-plane
homoepitaxial AIN film with relatively low impurity concen-
trations were studied [15,19]. The I'T (denoted as wk(I's)
and F’1’=1 in Refs. [15] and [19], respectively) peak exhibits
a stronger emission than the F]f (denoted as FX,(I';) and
F’S’:l in Refs. [15] and [19], respectively) peak, for the k L ¢
configuration [34]. The experimental results are consistent
with ours, indicating that the relatively higher impurity con-
centrations of our m-plane bulk AIN do not affect the findings
in this paper. It should be noted that although the experimental
results are consistent, our assignment differs from that in the
previous studies [15,19]. Table II shows the singlet-triplet
Ay and longitudinal-transverse Ay splitting energies of the
energetically lowest exciton for select wide band-gap mate-
rials. Because Arr is proportional to the oscillator strength

TABLE 1. 6 versus Er,. Er, is deduced by the Lorentzian fitting
of the experimental PL spectra.

0 (degree) Er, (eV)
0 (This work) 6.0399
6.8 (This work) 6.0399
12.8 (This work) 6.0395
17.4 (This work) 6.0390
19.9 (This work) 6.0388
42.8 (Ref. [21]) 6.0345
52.0 (Ref. [21]) 6.0340
90 (This work) 6.0306
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FIG. 4. Internal angle 6 dependence of the A exciton energy
of AIN at the I' point at 10 K. Lines are the calculated results.
Circular and triangular points are the experimental results in this
study and Ref. [21], respectively. Ay and Apr are the singlet-triplet
and longitudinal-transverse splitting energies, respectively.

of excitons [35], Table II suggests that strong light-matter
coupling occurs in bulk AIN. AIN is a promising material
for highly efficient DUV emitters. The small A in ZnO is
due to strong valence band mixing. The Apr of the B and C
excitons are reported to be around 10 meV in ZnO [32,36].

TABLE II. Singlet-triplet Ay and longitudinal-transverse Apr
splitting energy of the energetically lowest exciton in wide band-gap
materials.

Materials Ay (meV) Arr (meV)
CuBr (Ref. [31]) 1.7 12.2
CuCl (Ref. [31]) 2.5 5.5
CdS (Ref. [31]) 0.2 1.8
ZnTe (Ref. [31]) 0.1 0.7
ZnO (Ref. [31]) 0.17 2.16
ZnO (Ref. [32]) - 1.97
GaN (Ref. [33]) 0.12 1.0
AIN (This work) 3.9 9.3

The valence band ordering in ZnO is out of the scope of this
paper [32,37,38].

In conclusion, polarization- and angle-resolved PL spectro-
scopies are performed for AIN. All the experimental results,
including previously reported ones, are readily explained by
assigning the positive short-range and long-range electron-
hole exchange interaction constants as jo = 1.95 meV and
Jj1 = 4.65 meV, respectively. The large At suggests strong
light-matter coupling in AIN.
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