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Bipolar (n- and p-type) electric conductivity control is at the heart of semiconductor technologies. However,
achieving such control in ultrawide-band-gap semiconductors has been a major challenge because of the very
high donor and/or acceptor binding energies of these materials. In the case of aluminum nitride (AIN), which is
an ultrawide-band-gap semiconductor and one of the first candidate materials for solid-state deep-ultraviolet
emitters, the substitutional magnesium (Mg) acceptor binding energy has been reported to be at least 500
meV; thus, p-type electric conductivity control in AIN by Mg doping is believed to be unfeasible. Here, we
experimentally and theoretically revisit the substitutional Mg acceptor binding energy of AIN. Our bound exciton
luminescence and impurity-related transition spectroscopic studies indicate that the substitutional Mg acceptor
binding energy of AIN is well below 500 meV. This statement is supported by variational calculations using
anisotropic hole effective masses derived from first-principles calculations. The three independent approaches
estimate the substitutional Mg acceptor binding energy of AIN to be 330 £ 80 meV. We find that considering
electron-hole exchange interaction, hole anisotropy, and carrier-phonon coupling of AIN leads to a more realistic

substitutional Mg acceptor binding energy.
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I. INTRODUCTION

Bipolar (n- and p-type) electric conductivity control is at
the heart of semiconductor technologies and has been a major
challenge in the application of ultrawide-band-gap semicon-
ductors [1] such as diamond [2], gallium oxide («- and
B-Ga;03) [3], cubic and hexagonal boron nitride (c- and A-
BN, respectively) [4-6], and aluminum nitride (AIN) [7]. Fig-
ure 1 shows the relationship between the room-temperature
band gap E, and the substitutional donor/acceptor binding
energies of select wide-band-gap (4H-SiC and GaN) and
ultrawide-band-gap semiconductors. The high p-type electric
conductivity of diamond (e.g., a resistivity of 0.1 Q cm by
band conduction [23]) has been achieved by doping with
B, whose acceptor binding energy is 370 meV. However,
higher donor and/or acceptor binding energies of ultrawide-
band-gap semiconductors impede control of the electric
conductivity (n-type for diamond and A-BN, but p-type for
Ga;0; and AIN) and the subsequent realization of bipolar-
conduction functional electronic and photonic devices.

To address or circumvent this issue, alternative con-
cepts have been proposed, including field-emission devices
[24], polarization doping [25], nanowires [26], tunnel junc-
tions [27], and impurity-band (hopping) conduction [18,28].
Herein, we focus on photonic applications of ultrawide-band-
gap semiconductors in the far-UVC spectral region (i.e., the
wavelength range from 207 to 222 nm [29]) because far-UVC
photons efficiently and safely inactivate influenza viruses [29]
and human coronaviruses [30]. AIN and its related alloys are
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one of the first candidate materials for solid-state far-UVC
emitters [31,32]. Although the aforementioned concepts will
advance ultrawide-band-gap semiconductor science and tech-
nology, some shortcomings must first be addressed to enable
the fabrication of bright far-UVC light emitters (e.g., para-
sitic photon absorption and the 3E, rule [33]). Therefore we
propose revisiting the potential of a classic approach: p-type
electric conductivity control by magnesium (Mg) doping in
AIN.

The substitutional Mg (Mg,;) acceptor binding energy
of AIN has been extensively studied by luminescence spec-
troscopy of bound excitons in conjunction with Haynes’
rule [34,35], impurity-related transition spectroscopy [36],
temperature-dependent Hall electrical measurements [7,19],
effective-mass-approximation calculations [37], and first-
principles calculations [38—40]. All of these previous studies
have led to a consensus among researchers that the acceptor
binding energy of Mg,, is at least 500 meV in AIN and
that p-type electric conductivity control in Mg-doped AIN is
therefore unfeasible. However, we herein cast a doubt on the
consensus because these previous works were conducted more
than 10 years ago. Not only the crystalline quality but also the
physical understanding of AIN has progressed dramatically
over the past decade. In the present paper, we experimentally
and theoretically revisit the Mg, acceptor binding energy of
AIN and demonstrate that the binding energy is surprisingly
smaller than commonly accepted, as shown in Fig. 1.

II. EXPERIMENTAL METHODS

We fabricated five metal-organic vapor phase epitaxy
(MOVPE) grown homoepitaxial AIN films on c-plane AIN
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FIG. 1. Relation between the room-temperature band gap and
substitutional donor/acceptor binding energies of select wide- and
ultrawide-band-gap semiconductors (the values are tabulated in Ta-
ble S1 in Ref. [8], Sec. 1). Closed and open symbols represent donor
and acceptor cases, respectively. Low electric conductivity corre-
sponds to the reported room-temperature resistivity of ~10° Q cm
(band conduction) for diamond:P [18] and ~107  cm for AIN:Mg
[19]. The reported acceptor binding energies of 8-Ga,0; are greater
than 1 eV [20] (out of the range of Fig. 1). We did not plot the
symbols for #-BN because of the controversy of the donor/acceptor
binding energies [21,22].

substrates. The threading dislocation density of the substrate
was on the order of 10° cm™2. The MOVPE growth tem-
perature was 1200°C. A 1300-nm-thick undoped AIN layer
was grown for the unintentionally doped AIN sample (UID).
A 1-pum-thick Si-doped AIN layer was grown on a 300-nm-
thick undoped AIN layer for the Si-doped AIN sample (Si#1),
whereas a 1-um-thick Mg-doped AIN layer was grown on
a 2-um-thick undoped AIN layer for the Mg-doped AIN
samples. The Si concentration of the Si-doped AIN sample
was 5 x 10'® cm™3. Silane (SiHs) was used for intentional
Si doping. The Mg concentration of the three Mg-doped AIN
samples was 5 x 10'® cm™3 (Mg#1), 4 x 10'7 cm™3 (Mg#2),
and 2 x 10'® cm™ (Mg#3). Bis(cyclopentadienyl)magnesium
(Cp,Mg) was used for intentional Mg doping. All the sam-
ples were as-grown AIN (i.e., without activation-annealing).
The impurity concentrations of the investigated samples, as
determined by secondary ion mass spectrometry, are shown in
Table I.

TABLE 1. Impurity concentrations (cm~*) of investigated AIN
samples.

Sample name [C] [O] [Si] [Mg]
UID <2x 10" <1 x 10 <3 x 10" not measured
Si#l <2x 10" <1 x 10'® 5 x 10  not measured
Mg#1 <2 x 10" <2 x 10" not measured 5 x 10'°
Mg#2 8 x 10" 7 x 10" not measured 4 x 10"
Mg#3 8 x 10" 7 x 10 not measured 2 x 10'8
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FIG. 2. (a) Linear and (b) logarithmic excitonic PL spectra of un-
intentionally doped (UID), Si-doped (Si#1), and Mg-doped (Mg#1,
Mg#2, and Mg#3) AIN samples at 11 K. PL spectra are vertically
shifted for clarity. The excitation power density is approximately
50 kW cm™2. We set the free exciton (I's) emission energy at
6.0262 eV to remove the effect of residual strain differences among
the specimens. The raw PL spectra are depicted in Fig. S1 [8], Sec. 3.
Strain-induced effects are detailed elsewhere [41,42].

Bound exciton (excitonic) and impurity-related transition
photoluminescence (PL) spectroscopies were performed on
the AIN specimens. The spectroscopic setup is detailed in Ref.
[8], Sec. 2.

II1. RESULTS AND DISCUSSION
A. Bound exciton luminescence spectroscopy

Figure 2 shows the excitonic PL spectra of UID, Si-
doped (Si#1), and Mg-doped (Mg#1, Mg#2, and Mg#3) AIN
specimens at 11 K. Previous studies have revealed that the
6.0262 eV (denoted as I's) and 6.039 eV (denoted as FIL)
peaks are free exciton emissions [43—47]. The 6.0110 eV peak
(denoted as Si’X) has been assigned as a neutral Si donor
bound exciton transition [48,49]. We herein observe that the
6.0030 eV (denoted as MgOX) and 6.0126 eV (denoted as
D’X) peaks emerge with increasing Mg concentration in the
Mg-doped AIN samples.

The 6.0030 eV peak has two possible origins: neutral or
ionized Mg acceptor bound exciton transitions. We conclude
that the latter bound exciton transition is unlikely given the
effective mass imbalance of electrons and holes in AIN [50],
which is similar to that in GaN (a member of the same material
family as AIN) [51]. Therefore we assign the 6.0030 eV peak
as a neutral Mg acceptor bound exciton emission (Mg®X).
This assignment is supported by the optical polarization anal-
ysis in Fig. S2 [8], Sec. 3. Meanwhile, given the photon energy
of the DX peak, it should be attributed to a donor bound
exciton transition involved in Mg incorporation (temperature-
dependent excitonic PL spectra are shown in Fig. S3 [8],
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FIG. 3. Effective mass ratio (o = m,/m;,) dependence of (a) Epox/Ep and (b) E oy /En for select III-V and II-VI compound semiconduc-
tors. m, and my, are the effective masses of an electron and a hole, respectively. Eox and E,ox are the binding energy of a neutral donor and
acceptor bound exciton, respectively. Ep and E4 are the binding energy of a donor and an acceptor, respectively. The electron (hole) effective
masses in anisotropic materials are averaged by the harmonic mean as 1/m.qy = 1/3 x (2/meq, 1 + 1/Mewy, ), Where mep) | and m | are
the electron (hole) effective masses parallel and perpendicular to the ¢ axis, respectively. The material parameters are tabulated in Tables S2 and
S3 in Ref. [8], Sec. 5. The estimated o of AIN (0.45) is depicted by a red dotted line. H,, PsH, and H™ are the hydrogen molecule, positronium
hydride, and hydride anion, respectively [49]. H, and H are the antimatter of the hydrogen molecule and hydride anion, respectively. The
black solid curve represents the theoretical result reproduced from a numeric table [54]. The red hexagon with an error bar (AIN:Mg) is

generated from the results of Figs. 2 and 7.

Sec. 4.). Although hydrogen- [52] or nitrogen-vacancy-related
[51] donor bound exciton emissions are a plausible origin of
the DX peak, further assignment is beyond the scope of the
present paper. Below, we focus on the acceptor physics of
AIN.

Comparing the energy difference between the Mg’X and
I's peaks reveals that the neutral Mg acceptor bound exci-
ton binding energy is 23.2 meV. Surprisingly, our estimated
value is approximately one-half of the previously estimated
one (40 meV) [34]. The misinterpretation in previous stud-
ies likely originated from the relatively broad luminescence
linewidth of the samples resulting from their heteroepitaxial
growth [34]. In addition, from a physical viewpoint, previous
studies overlooked the I's free exciton emission and did not
notice the huge electron-hole exchange interaction in AIN,
which was first reported in 2013 [44].

There is a well-known empirical rule (Haynes’ rule [35])
in semiconductor physics that the acceptor (donor) binding
energy Ep (Ep) is related to the neutral acceptor (donor)
bound-exciton binding energy E,ox (Epox) [53]. The energy
ratio E oy /Ea (Epox/Ep) is related to the effective mass ratio
o = m,/my, within the effective mass approximation [54],
where m, and my, are the effective masses of electrons and
holes, respectively. The relation is depicted for select III-V
and II-VI compound semiconductors for donor [Fig. 3(a)] and
acceptor [Fig. 3(b)] cases. In direct-band-gap semiconductors,
my, is typically greater than m,; thus, ¢ ranges from 0.1 to 1
among the materials. Contrary to the donor case [Fig. 3(a)],
Ejox/Ea ~ 0.09 empirically holds for most of the materials
[Fig. 3(b)]. This behavior can be qualitatively understood on
the basis of the theoretical curve in Fig. 3(b), which shows that
E oy /EA 1s almost independent of o in the range 0.1 < o < 1

[54]. Because AIN has a o of 0.45, we may expect that the
same empirical rule holds for AIN, leading to a Mg acceptor
binding energy of 258 meV. Meanwhile, the theoretical curve
[54] in Fig. 3(b) estimates the Mg acceptor binding energy
of AIN to be 390 meV. In either case, our bound-exciton
luminescence study indicates that the substitutional Mg ac-
ceptor binding energy of AIN is substantially smaller than
the commonly accepted binding energy of at least 500 meV
[7,19,34,36—40]. In short, our bound exciton luminescence
spectroscopic study suggests that the substitutional Mg accep-
tor binding energy of AIN is in the range 258-390 meV.

B. Impurity-related transition spectroscopy

Because our bound-exciton luminescence study indicated
that the substitutional Mg acceptor binding energy of AIN is
shallower than believed, we next revisited the impurity-related
transitions using steady and time-resolved PL spectroscopies.
Figure 4 shows the impurity-related transition PL spectra of
UID, Si-doped, and Mg-doped AIN samples at 11 K. The
5.5 eV band emission appears with increasing Mg concen-
tration, indicating that the emission peak is related to Mg.
This emission band has also been observed in previous stud-
ies, where it was assigned as a donor-acceptor pair (DAP)
recombination band involving a Mg acceptor and a shallow
donor [26,36]. Under the assumption of a shallow donor
binding energy of 60 meV, one of the previous studies esti-
mated the substitutional Mg acceptor binding energy of AIN
to be 510 meV [36]. However, we note that DAP emission
bands generally have two characteristic features: a red-shift
of the emission with increasing time delay and a blue-shift
of the emission with increasing excitation intensity [50]. Fig-
ures 5(a)-5(c) show the streak-camera image, time-evolution,
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FIG. 4. Impurity-related transition PL spectra of UID, Si-doped
(Si#1), and Mg-doped (Mg#1, Mg#2, and Mg#3) AIN samples at
11 K. The PL intensities are normalized by the peak intensity of the
free exciton emission around 6 eV. The excitation power density is
approximately 125 kW cm™2.

and temporal response of the 5.5 eV band emission, respec-
tively, for a Mg-doped AIN sample (Mg#3) at 11 K. Neither
a red-shift nor a blue-shift of the 5.5 eV band is observed,
indicating that the 5.5 eV band emission is unlikely to be
a DAP recombination. This interpretation is reinforced by
additional experimental results in Figs. S5 and S6 in Ref. [8],
Sec. 6.

Consequently, we assign the 5.5 eV band emission as a
recombination of a free electron with a neutral Mg accep-
tor (e-Mg”). Note that a previous first-principles calculation
study has suggested that the e-Mg® emission peak should
appear at 4.77 eV, while the 5.5 eV band emission should
originate from a recombination of an electron with a hole in
MgX] state [40]. However, we did not observe an emission
peak at 4.77 eV from Mg-doped AIN samples as shown in
Figs. 6 and S7 in Ref. [8], Sec. 7. In addition, the ng&l state
should be found only in highly p-type conductive AIN in
the spirit of Ref. [40]. Our as-grown Mg-doped AIN samples
are, however, highly resistive. Therefore we do not support
the interpretation of Ref. [40]. The discrepancy of acceptor
physics between first-principles calculations and experiments
has also been reported in GaN [40,65-67].

To gain insight into the physics of the 5.5 eV band emis-
sion, we conducted temperature-dependent PL spectroscopy
using a high-repetition-rate laser that enabled us to acquire
the 5.5 eV band emission with a high signal-to-noise ra-
tio at room temperature under weak excitation conditions.
Figure 6(a) shows the experimental (black solid line) PL

spectrum of a Mg-doped AIN sample (Mg#3) at 11 K. A
Gaussian function-fitted spectrum (fitted using high-energy
side of the 5.5 eV band emission) in Fig. 6(a) indicates
that the 5.5 eV band emission has an asymmetric spec-
tral shape (i.e., a low-energy tail). In addition, the 5.5 eV
band emission shows a huge spectral linewidth compared
with the thermal broadening energy. These behaviors sug-
gest the non-negligible carrier—phonon coupling. Within the
one-dimensional configuration-coordinate (1D cc) diagram
approximation, the luminescence spectral shape /(E) at cryo-
genic temperatures and the temperature dependence of the
full width at half maximum (FWHM) W (T) of defects are
expressed as [51,68,69]

N s
I(E)_zn:e pr Xan_/z

—2(EzpL. — nhiwg, — E)?
o (R B

W(T) = W)/ coth ("), )
(2kT

where S is the Huang—Rhys factor. /iwg and fiwe are the
averaged vibration energy of the ground and excited states,
respectively. Ezpr, is the zero-phonon (vibration) energy, and
n is a positive integer. Parameters / and w describe the inten-
sity and linewidth of the Gaussian function, respectively, and
k is the Boltzmann constant. The PL spectrum fitted using
Eq. (1) is depicted in Fig. 6(a) (red dotted line). Contrary
to the Gaussian function fitting, this fitting reproduces the
asymmetric experimental PL spectral shape. Although we
could not uniquely determine the fitting parameters in Eq. (1)
(detailed in Fig. S7 in Ref. [8], Sec. 7), we could estimate
the ranges as § = 2.8-4.2, iwex = 60-110 meV, and Ezp, =
5.69-5.84 eV. Figure 6(b) shows the temperature dependence
of the FWHM of the 5.5 eV band emission and the fitted result
using Eq. (2). The estimated 7iwex is 31 meV. Our estimated
vibration energies of Mg, in AIN are comparable to those
of GaN [70-72]. Following these fitting results, we depicted
the 1D cc diagram of Mg,, in Fig. 7. This diagram indicates
that the energy difference between the e-Mg” recombination
peak (5.55 eV) and band gap (6.1 eV) does not correspond to
the acceptor binding energy as previously suggested [26,36].
Instead, the energy difference between Ezp; and band gap
gives a true acceptor binding (thermal activation) energy of
Mg, in AIN.

In summary, our impurity-related transition spectroscopic
study suggests that the substitutional Mg acceptor binding en-
ergy of AIN is in the range 260—410 meV. Again, our extracted
Mg acceptor binding energy of AIN is substantially smaller
than the accepted value of at least 500 meV [7,19,34,36—
40]. At this stage, we independently determined the Ea (from
Fig. 7) and E, oy (from Fig. 2) of AIN:Mg. The ratio with
an error bar is plotted as a function of o in Fig. 3(b). Our
experimentally extracted ratio is in good agreement with the
theoretically predicted [54] and empirical (E,ox/Ea ~ 0.09)
values.
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FIG. 5. (a) Streak-camera image, (b) time-evolution, and (c) temporal response of the 5.5 eV band emission for a Mg-doped sample with
the Mg concentration of 2 x 10'® cm™3 (Mg#3) at 11 K. The peak excitation power density is approximately 580 MW cm~2. The time and

spectral integration ranges are written in Figs. 5(b) and 5(c), respectively.

C. Hole anisotropy

To theoretically interpret our experimental results, we ex-
amined the Mg,, acceptor binding energy of AIN within the
effective mass approximation. The Hamiltonian of a hole
bound by an acceptor in wurtzite crystals can be written as

g [ 1 ( 92 N 92 ) L 92 }
2 m\ax2 T 9y? m) 92>
e 1

A LG ) + (D (3)

—~
QO
-
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FIG. 6. (a) Experimental and fitted PL spectra of the Mg-related
transition for a Mg-doped AIN sample (Mg#3) at 11 K. The peak
excitation power density is approximately 21 kWcm™. As we
could not uniquely determine the fitting parameters in Eq. (1),
an example of the fitted result using Eq. (1) is shown. Note
that the low-energy tail and peak energy of the experimental PL
spectrum could not be reproduced well using Eq. (1) with any
fitting parameter set, likely because of the limitation of the one-
dimensional configuration-coordinate diagram approximation under
weak/moderate carrier—phonon coupling conditions as suggested in
a previous study [68]. (b) Temperature dependence of the full width
at half maximum (FWHM) of the 5.5 eV band emission.

where 7 and e are the Dirac constant and elementary charge,
respectively. €l and €' are the static dielectric constant
parallel and perpendicular to the ¢ axis of wurtzite crys-
tals, respectively, and m,'l and mhL are the hole effective
masses parallel and perpendicular to the ¢ axis of wurtzite

crystals, respectively. With the variable change (x,y,z) =
(x',y, /ml/mt7), Eq. (3) can be rewritten as
H =Hy+H, “4)

e[ 9? 92 32
H=—-——m—=—+—+—
0 2mit (8x’2 9y? 81/2)
&2 1

el Syt y2 42

&)

H e? ( 1 1 )
1= — ,
4 /ellel \/x/2 +y2 + 72 \/x/z +y2 +AZ2

(6)

where A is the anisotropic parameter defined as A =
(mj-e)/(m))e"). Equation (5) is nothing but the hydrogen-
atom problem in a new coordinate system (x',y’, ') with an
average dielectric constant of v/ ¢lle+ and a hole effective mass
of mhL That is, a hole bound problem in wurtzite crystals can
be reasonably reduced to the hydrogen-atom problem if A ~ 1.
Using this hypothesis, Taniyasu et al. have linked their exper-
imentally deduced Mg acceptor binding energy (630 meV)
of AIN to the hole effective mass (3.3mg, where myg is the
electron mass in vacuum) [7]. Nam et al. have also estimated
the hole effective mass of AIN to be 2.7my in a similar manner
[36]. Using an isotropic impurity pseudopotential, a previous
effective-mass calculation study deduced a substitutional Mg
acceptor binding energy of 514-789 meV for AIN [37].

Can the effect of hole anisotropy be ignored for AIN? To
answer this question, we calculated the electronic band struc-
ture of AIN by first-principles calculations, see Refs. [73,74]
and [8, Sec. 8]. Figure 8(a) shows the crystal structure
(wurtzite structure) of AIN. Electrons and holes in wurtzite
crystals are generally anisotropic because of their uniax-
ial nature. Figure 8(b) shows the calculated electronic band
structure of AIN. The estimated band gap is 4.05 eV. Al-
though the estimated band gap is considerably smaller than the
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FIG. 7. One-dimensional configuration-coordinate diagram of Mg, in AIN. We assigned the 5.5 eV band emission (blue downward arrow
in the figure) as a recombination of a free electron with a neutral Mg acceptor (electron + Mg® — Mg~ + photon).

experimental one, the valence-band structure is reproduced calculation results tabulated in Table II show the huge
well [78]. In fact, the energy difference [A in Fig. 8(c)] anisotropy of the CH band of AIN. These theoretical consid-
between the crystal-field split-off hole (CH) and heavy hole erations indicate that the effect of hole anisotropy should not
(HH) bands at the I" point agrees well with the experimental be neglected for the acceptor bound hole problem of AIN.
one [42], confirming the reliability of our calculated valence-

band structure. Figure 8(c) shows the expanded electronic

band structure of AIN at the valence-band maximum (the D. Acceptor binding energy calculated by perturbation
region of interest in this study). To investigate the hole bound and variational methods

problem, the topmost valence band (CH band in this case) To evaluate the effect of hole anisotropy, we numerically
must be considered. In the case of (unstrained) AIN, the con- solved Eq. (4) using perturbation [79] and variational [80]

tribution from the HH and light hole (LH) bands can be safely  methods. Figure 8(d) shows the effect of hole anisotropy on
ignored because of the large A. Figure 8(c) clearly shows that  the acceptor energy (—E,). The variational calculation result
the CH band of AIN has huge anisotropy that is quantitatively  should be more plausible because the exact energy is lower
characterized by the hole effective masses (mgH and mg,)  than the calculated energy. Because the A value for AIN is
given in Table II. Both the previous and our first-principles 1013 (Table II), the hole anisotropy substantially reduces the

TABLE II. Effective masses of crystal-field split-off hole and anisotropic parameter of AIN. ml':H and mg,; are the crystal-field split-off
hole effective masses parallel and perpendicular to the ¢ axis, respectively. A is the anisotropic parameter defined by A = (mgyeq)/ (mgHe(l)‘),
where € and €' are the static dielectric constant parallel and perpendicular to the ¢ axis, respectively. mg;, méH* , and A* are the polaron-
corrected effective masses and anisotropic parameter, respectively. We used experimentally obtained static dielectric constants as eg =9.21¢p
and ;- = 7.65¢, [81]. The assumed longitudinal optical phonon energy of AIN is 110 meV. Abbreviations are defined as follows: PAWPP:
projector-augmented wave pseudopotential, PBE: Perdew—Burke—Ernzerhof, FP-LMTO: full-potential linearized muffin-tin orbital, LDA: local

density approximation, NCPP: norm-conserving pseudopotential, QSGW: quasiparticle self-consistent GW.

Reference mgH (mg_; m&y (my) A (A%) Notes

This work 0.29 (0.33) 4.04 (6.40) 11.6 (16.3) PAWPP, PBE
Kim et al. [55,82] 0.26 (0.29) 4.05 (6.42) 12.9 (18.3) FP-LMTO, LDA
Yan et al. [56]* 0.25 (0.28) 3.20 (4.81) 10.6 (14.3) NCPP, GyW,
Punya and Lambrecht [83] 0.25 (0.28) 3.53(5.42) 11.7 (16.1) FP-LMTO, QSGW

*We converted the reported Luttinger-like parameters to the hole effective masses by calculating the valence-band energy dispersion of AIN.
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FIG. 8. (a) Crystal structure (wurtzite structure) [77], (b) electronic band structure, and (c) expanded electronic band structure at the
valence-band maximum of AIN. The inset in (c) represents the first Brillouin zone of wurtzite crystals. CH, HH, and LH denote the crystal-field
split-off hole, heavy hole, and light hole bands, respectively. (d) Anisotropic parameter dependence of the acceptor energy (—FE) calculated
by perturbation [79] and variational [80] methods. The material parameters used are m,f = 3.5my, €l =9.21¢;, and e+ = 7.65¢, [81], where

€o 1s the vacuum permittivity.

acceptor binding energy. Our variational calculations estimate
the acceptor binding energy of AIN to be 284, 270, 235, and
247 meV, when using the effective masses reported in this
work and those reported by Kim et al. [55,82], Yan et al.
[56], and Punya and Lambrecht [83], respectively (Table II).
All of the calculated energies are well below the commonly
accepted Mg acceptor binding energy and our experimen-
tally deduced values. Here, we must recall the non-negligible
carrier—phonon coupling in AIN [45]. In case of polar ma-
terials, polaron correction must be considered [84,85]. The
polaron correction generally increases the acceptor binding
energy of semiconductors. The polaron-corrected hole effec-
tive masses of AIN are derived using the mass enhancement
factor in Ref. [89]. Table II shows the polaron-corrected hole
effective masses (mg‘I and méH* ) and anisotropic parameter
(A*) for AIN. Our variational calculations estimate the accep-
tor binding energy of AIN to be 379, 358, 305, and 323 meV,
using the poralon-corrected hole effective masses reported in
the present work and those reported by Kim er al. [55,82],

Yan et al. [56], and Punya and Lambrecht [83], respectively
(Table II). The calculated acceptor binding energies of AIN
are in good agreement with our experimental results but dis-
agree with previously reported experimental values (500 meV
or greater) [7,19,34,36].

To summarize, our variational calculation suggests that
the substitutional Mg acceptor binding energy of AIN is in
the range 305-379 meV. Note that the chemical shift or
central-cell correction is not considered in this manuscript.
We assume that these effects play a minor role because Mg
is an isocoric impurity of Al [86].

E. Discussion on previous first-principles calculations
and electrical characterizations

Finally, we discuss previously reported results of first-
principles calculations and electrical characterizations. Using
first-principles calculations, other authors have estimated the
substitutional Mg acceptor binding energy of AIN to be in the
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range 500-780 meV [38-40]. The reported values are scat-
tered. One group has reported that Be is a better dopant than
Mg for p-type doping in AIN [38], whereas another group has
recommended Mg [39]. Some groups have insisted that Mg
is an effective mass acceptor in AIN [39,87], while another
group has suggested that Mg is not an effective mass acceptor
[40]. Therefore we can at least argue that first-principles cal-
culation studies have not led to a solid conclusion about the
acceptor physics of AIN. This situation is also true for GaN
[40,65-67] as we already mentioned. In the present paper,
we found that hole anisotropy strongly influences the acceptor
binding energy of AIN. Therefore we propose that the effect
of hole anisotropy should be explicitly considered in future
first-principles calculation studies. The tuning condition of
hybrid functional should be also examined as suggested in a
previous study for GaN [67].

With respect to temperature-dependent Hall electrical mea-
surements, previous studies have estimated the Mg acceptor
binding energy of AIN to be 630 meV [7] or 500 meV [19].
These values are higher than those of the binding energies
we determined. We attribute this difference to the forma-
tion of a deeper state, such as DX (AX) centers or dual
acceptor states [88] (not depicted in Fig. 7). That is, the
excited state [1 electron 4+ 1 neutral Mg acceptor (Mgo)]
in Fig. 7 is a metastable state. We want to emphasize that,
electrical characterizations are likely to probe the most sta-
ble state, whereas optical spectroscopic characterizations can
also investigate metastable states. For Si-doped AIN, a pre-
vious electrical characterization study estimated the Si donor
binding energy to be 282 meV [7]. However, in a later elec-
trical characterization study, the binding energy was revised
to 70 meV using Si-implanted and non-equilibrium-annealed
AIN samples [89,90]. By contrast, optical spectroscopic char-
acterizations have estimated the Si donor binding energy to
be ~70meV from the outset (using Si-doped AIN samples
with no special treatments) [48,49]. Therefore optical spectro-
scopic approaches are intrinsically superior for investigating

both the stable and metastable impurity-related electronic
states. Nevertheless, with respect to practical applications,
donor and acceptor binding energies must be shallow in terms
of electrical characterizations. Special treatments to eliminate
deeper states in AIN:Mg should be explored, like n-type AIN
[89,90]. We propose that eliminating the D°X peak in Fig. 2
and the 4.4 eV band in Fig. S7(a) should be one of the
guidelines for obtaining high p-type electric conductivity in
Mg-doped AIN because these origins should correspond to a
compensating center.

IV. CONCLUSION

In conclusion, we experimentally and theoretically revis-
ited a substitutional Mg acceptor binding energy of AIN.
The three independent approaches indicate that the binding
energy is substantially shallower than believed. We estimated
the substitutional Mg acceptor binding energy of AIN as
330 £ 80 meV, as an averaged value of the three approaches.
Previous studies have overlooked the electron—hole exchange
interaction, hole anisotropy, and carrier—phonon coupling in
AIN, leading to misinterpretations that the substitutional Mg
acceptor binding energy is 500 meV or greater. Figure 1 sug-
gests that p-type electric conductivity control by Mg doping
in AIN is feasible. A simple Boltzmann statistical analy-
sis exp(—330/26)/ exp(—630/26) (compared with a previous
Mg acceptor binding energy [7]) indicates that the room-
temperature hole density can be more than 10000 times
greater than previously believed. We hope our findings will
stimulate further experimental and theoretical studies on the
impurity bound problems and bipolar conductivity control in
ultrawide-band-gap semiconductors.
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