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ABSTRACT

Using low-temperature cathodoluminescence spectroscopy, we study the properties of N- and Al-polar AIN layers grown by molecular beam
epitaxy on bulk AIN{0001}. Compared with the bulk AIN substrate, layers of both polarities feature a suppression of deep-level luminescence,
a total absence of the prevalent donor with an exciton binding energy of 28 meV, and a much increased intensity of the emission from free
excitons. The dominant donor in these layers is characterized by an associated exciton binding energy of 13 meV. The observation of excited
exciton states up to the exciton continuum allows us to directly extract the I's free exciton binding energy of 57 meV.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0158390

INTRODUCTION

The ultra-wide gap semiconductor AIN was first synthesized
over a century ago,' but it has only recently been recognized that
the unique physical properties of AIN make it of great interest for
applications in novel electronic and optoelectronic devices. Apart
from its direct bandgap of 6.095 eV corresponding to an emission
wavelength of 203 nm, most noteworthy are its large piezoelec-
tric coefficients (1.5 C/m? or 5 pm/V),” its high breakdown-field
(>10 MV/cm),”" and its high thermal conductivity (>300 W/mK).
Moreover, AIN has an exciton binding energy exceeding twice the
value of kT at room temperature,” which is notably higher than
in any other III-V semiconductor with the exception of hBN.’
These properties make AIN an attractive material for applica-
tions in high-power and millimeter-wave electronics” '’ as well as

11-14

deep-ultraviolet (UV-C) light emission and lasing. The large
exciton binding energy in AIN is also of high interest for the study
of the fundamental science of excitons and their condensation.'
This potential of AIN lay dormant until very recently, when
researchers succeeded in synthesizing large AIN crystals of high
structural perfection with low dislocation densities (<10*-10° cm™)
utilizing either physical vapor transport (PVT)'*"" for bulk growth
or hydride vapor phase epitaxy (HVPE)”’ for fabricating thick
free-standing layers. The availability of AIN substrates has enabled
studies of the fundamental properties of AIN, particularly regard-
ing its spontaneous emission, yielding insights into valence-band
ordering, spin-orbit and crystal-field splitting, spin exchange inter-
action, exciton binding energies, and the detection of impuri-
ties and defects. These investigations have been performed by
either photo- or cathodoluminescence spectroscopy on PVT-grown
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bulk crystals, HVPE-grown free-standing substrates,”’ or
homoepitaxial AIN layers grown by metal-organic chemical vapor
deposition.'**'

Numerous studies have focused on the excitonic near-
bandedge emission of AIN, resolving transitions due to lowest-
energy free excitons with I7 ®I7, symmetry (often called
A-excitons)’® and several bound exciton transitions.””” At
higher excitation densities, bi-exciton emission (M-band), inelas-
tic exciton-exciton scattering bands (P-bands), and electron-hole
plasma recombination were observed.'”** Spectra recorded over a
wider spectral range revealed the presence of deep luminescence
bands in the range of 2-4 eV that frequently dominate over the near-
bandedge emission in terms of integrated intensity. The actual origin
of these ubiquitous deep luminescence bands is unknown, but it is
generally believed to be related to complexes of native defects, par-
ticularly Al vacancies, with impurities such as Si and O that form
DX centers in AIN. However, other native defects and the impurity
C have been suspected to play an important role in the transitions
that give rise to these deep bands.”'*"”

In general, the incorporation of impurities and the formation
of native point defects are related in a complex way to the partic-
ular growth method and conditions. Surprisingly, there seem to be
no detailed studies of the spontaneous emission of homoepitaxial
AIN films grown by molecular beam epitaxy (MBE). Furthermore,
the point defect incorporation and formation often strongly depends
on the bonding configuration on the growth front, i.e., its crystallo-
graphic orientation, as reported, for example, for GaN.?* To the best
of our knowledge, all of the available studies on the excitonic emis-
sion of AIN have been performed on films grown along the Al-polar
([0001]), semi-polar, or non-polar ([1100] and [1210]) directions.
However, N-polar ([0001]) (In,Ga)N/(ALGa)N heterostructures are
of particular interest because they exhibit internal electrostatic
fields opposite to those of their metal-polar counterparts, which is
considered favorable for various advanced device concepts.””’

In the present work, we use cathodoluminescence (CL) spec-
troscopy in a scanning electron microscope (SEM) to analyze and
compare N- and Al-polar homoepitaxial strain-free AIN films grown
by MBE in terms of their near-bandedge (around 6 eV) and deep-
level (2-4 eV) light emission. With respect to the bare substrate,
we find that both N-polar and Al-polar films feature a suppres-
sion of deep-level luminescence and the total absence of the donor
dominating the NBE of the substrate. Furthermore, the intense-
free exciton emission in the films under investigation allows us to
directly measure an exciton binding energy of 57 meV from the
I'57°° transition.

EXPERIMENTS

The three samples under investigation were grown in an MBE
system equipped with a radio-frequency plasma source for generat-
ing active N and solid-source effusion cells for Al. As substrates, we
used bulk AIN wafers grown by PVT with a dislocation density of
<10* cm 2. The layers were grown at substrate temperatures above
1000 °C under Al-stable conditions. Details on the surface prepara-
tion and growth parameters for the MBE growth of Al- and N-polar
homoepitaxial AIN layers are given in Refs. 30-33. Samples I and
II consist of a 700-nm thick Al-polar and a 900-nm thick N-polar
layer, respectively. Sample III consists of a 1-um thick N-polar AIN
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layer that was capped with 6.7-nm heteroepitaxial GaN. This GaN
cap layer serves as a passivation layer for the AIN surface and also
acts as a charge-spreading layer during electron beam excitation. As
a reference and for comparison with other studies, a freestanding
AIN substrate was used.

The samples were investigated by scanning transmission elec-
tron microscopy (STEM) on an aberration-corrected ThermoFisher
Spectra 300 CFEG operated at 300 keV to confirm their polarity.
STEM samples were prepared using a ThermoFisher Helios G4 UX
Focused Ion Beam system. Carbon and platinum protective lay-
ers were deposited, and a final milling step at 5 keV was used to
minimize ion-beam damage. Additionally, atomic force microscopy
(AFM) was performed on an Asylum Cypher AFM microscope in
tapping mode for sample areas of 2 x 2 ym? and 20 x 20 ym’.
Furthermore, the concentrations of O, C, and Si were measured by
time-of-flight secondary ion mass spectrometry (ToF-SIMS) per-
formed by Evans Analytical Group. Finally, triple-axis w/26 x-ray
diffraction (XRD) scans across the symmetrical 002 wurtzite reflec-
tion were measured using a Panalytical Empyrean x-ray diffractome-
ter equipped with a PIXcel*® detector and Xe proportional detector.
The monochromator consists of a hybrid two-bounce Ge220 crystal
utilizing Cu Ka; radiation.

To analyze and compare the optical properties of these sam-
ples, low-temperature emission spectra were recorded by CL spec-
troscopy in a Zeiss Ultra55 SEM equipped with a He-cryo-stage
allowing sample temperatures down to 10 K and a Gatan MonoCL4
detection system. The spectrometer is operated with two gratings,
one blazed at 300 nm with 2400 grooves/mm (Fig. 2) and the other
blazed at 250 nm with 1200 grooves/mm (Fig. 3), resulting in a spec-
tral resolution of ~0.0035 and 0.007 eV for a slit width of 0.1 mm,
respectively. Note that the line widths of the near-bandedge tran-
sitions are limited by this spectral resolution. The monochromator
was calibrated using an Hg(Ar) spectral calibration lamp. The error
of this calibration amounts to +2 A because of the spectral sep-
aration between the highest energy line of the lamp and the AIN
near-bandedge emission. The samples were aligned with respect to
the detection setup such that mostly light propagating parallel to
the c-axis, k|c, and electric field polarization (E) orthogonal to the
c-axis, E 1L ¢, was collected. The light was detected monochromati-
cally with a photomultiplier tube (PMT) while stepping through the
spectral range, and the spectra were converted to energy scale by
a Jacobian transformation, taking into account the refractive index
dispersion of air.** For the CL measurements, all of the AIN samples
were sputter coated with 3 nm of Ti to reduce charging effects in
the SEM.

RESULTS AND DISCUSSION

Figure 1 summarizes data pertaining to the structural and mor-
phological properties of our AIN layers as well as to their purity. The
polarity of the layers is examined by high-angle annular dark-field
STEM (HAADEF-STEM) as shown in Figs. 1(a) and 1(b), respec-
tively. The yellow spheres in the overlayed ball-and-stick model of
the wurtzite crystal structure represent Al atoms, and the white
spheres represent N atoms, confirming the nominal polarity of the
layers (growth direction pointing upward). Figures 1(c) and 1(d)
depict 2 x 2 ym* atomic force topographs of the c-plane surface of
the as-grown layers. The trains of well-resolved monolayer steps are

APL Mater. 11, 081109 (2023); doi: 10.1063/5.0158390
© Author(s) 2023

11, 081109-2

Z7:0%:20 ¥20z Ateniged 61


https://pubs.aip.org/aip/apm

APL Materials ARTICLE

(a)""""SOOpm

L I I B R I
LU B B B N NE R N N N B N A
LI I R
LU B B B U N N B R N B AR AR
L I A
LU B N B N N NE N R N B N AR
L I B I B A
S5 5 0 A A AR
» L I B I B B B B A
0,,0,1 LU B B B BE B N R R AR
» ,*\,L. LA B B BN [0001]
LU B B R BE N R R AN |
SRR R e e [1120]

(b) F*® % w»w¥ww¥ 50p

R R R R R R R
U
» 1',1.,.. LR
» e r ey [OOOT]
' m a E]

" [1150]

pubs.aip.org/aip/apm
1.00 nm :
21l @ = i ]
0.80 10211 2 | aresec 02 |+
060 Z st ;
20L & i 4
0.40 é 1098 2 ; o
c ! -

0.20 -% 1019_%0 -—C

- 18.00 18.01 18.02 18.03
060200 § - w126 (deg)
0. 5
040 3

s 10"
-0.60 38
-0.80 10" bAIPolar AN , , 3
-1.00 H

® 211 2 |FwHM= !
1.00 nm 1027 ¢ § 17 arc sec 002 <-E 3
080 E Wl ]
0.60 5 22

E c — O
040 2 419l £ —C ]

-~ 18.00 18.01 18.02 18.03
020 g . /26 (deg) :
000 § 10 ;
020 5 i

2 1017 E
-0.40 8 i
-0.60 10'8 EN-Polar AN . . i
-0.80 200 400 600 800 1000
-1.00 Depth (nm)

FIG. 1. [(a) and (b)] HAADF-STEM images with overlayed wurtzite ball-and-stick model, [(c) and (d)] c-plane atomic force topographs, and [(e) and (f)] SIMS profiles of
samples | (Al-polar AIN, top row) and Il (N-polar AIN, bottom row). The insets in figures (e) and (f) show the respective w/20 x-ray diffraction scans across the 002 reflection

of the MBE layers (blue, dotted) and the bare AIN substrate (solid, black).

characteristic of step-flow growth, resulting in a root-mean-square
roughness as low as 80 and 160 pm, respectively. Figures 1(e) and
1(f) display ToF-SIMS data for the respective samples revealing com-
paratively low impurity concentrations for layers of either polarity.
The level of [Si] < 5 x 10" cm™ is at and the levels of O and C are
close to the detection limit (given in parentheses): [O] ~ 3 — 4 x 10"
em™ (1x 107 cm™) and [C] ~ 7 - 8 x 10" cm™ (5 x 10'® cm™).
Hydrogen (not shown) has a concentration below the detection limit
for both samples, [H] < 3 x 10" cm™. Note that the spike at the
substrate/MBE interface is less pronounced for the Al-polar sam-
ple (near 700 nm depth) than for the N-polar sample (near 900 nm
depth). This is likely due to a greater adsorption efficiency of impu-
rities on the N-polar surface,” ™ as well as the less extensive ex-situ
chemical treatment for the N-polar face, as it is more reactive.””’***
Finally, the insets in Figs. 1(e) and 1(f) depict w/26 x-ray diffraction
scans across the 002 reflection for the Al- and N-polar AIN sam-
ples (blue, dotted) compared with the bare AIN substrates they were
grown on (solid, black). The line widths of ~17 arcsec confirm that
the MBE-grown AIN layers are free of strain. The absence of strain is
further confirmed by reciprocal space maps around the asymmetric
105 reflection for Samples I and II (see Fig. S1 in the supplementary
material). Symmetric and asymmetric w scans recorded for Sam-
ples I and II exhibit widths between 20 and 30 arcsec, comparable
with or below that measured on the corresponding bulk AIN sub-
strates (see Fig. S2 in the supplementary material). For the structural

characterization and SIMS data of sample III, we refer to Figs. S3-S5
in the supplementary material.

CL spectra of samples I and II are compared with one of the
bare PVT-AIN substrate (N-polar face) in Fig. 2. An acceleration
voltage of 7 keV was used to excite the samples, ensuring that
electron-hole pairs are generated only within the homoepitaxial
layers (in the first few hundred nm from the AIN/air interface,
see Fig. S7 in the supplementary material). Figure 2(a) shows the
low-temperature, high-resolution near-bandedge emission spectra
normalized to their peak intensities. For all three samples, a dis-
tinct high-energy line is observed at (6.038 +0.005) eV, with the
error due to the uncertainty of the wavelength calibration. This
transition energy is close to the average energy (6.041 eV) reported
for the exciton spin triplet with I's symmetry in bulk (strain-free)
AIN.17‘21723‘25,Z7

For AlN, the negative crystal-field splitting causes the I';, band
to be the uppermost valence band,” resulting in exciton states
of I ® I';, symmetry (often called A-excitons).”® Spin-exchange
interaction splits these states into excitons with the irreducible
representation I' & I', @ T, with the I's spin triplet being the
only optically active state that satisfies E 1 ¢ and k|, ie., our
measurement geometry. It should be noted that there currently is no
consensus in the literature on the assignment of the experimentally
observed emission lines and thus the ordering of the I''! and I~
states. In fact, researchers have reported both negative'"*****>*’ and
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FIG. 2. (a) Low-temperature, high-resolution near-bandedge and (b) deep-level CL spectra for the bare PVT-AIN substrate, as well as samples | and II. The light was collected
with k| c. The narrow feature just above 3 eV in (b) is the second order of the near-bandedge emission.

positive'****""** values for the spin-exchange splitting j. A possible

explanation of this apparent discrepancy is the fact that j depends
sensitively on strain.”®"**! For the case of GaN, Paskov et al.’® cal-
culated the dependence of the I'f=' — I'#=! splitting (which is given
by 2j) on biaxial strain and observed that it changes sign for a biax-
ial compressive strain as small as 2 x 107, The scatter of a lattice

constants of bulk AIN amount to a variation of +2.5 x 10™* with
respect to the strain-free value,”” which, in analogy to GaN, may
already be sufficient to result in a significant change of the spin-
exchange splitting in AIN. An explicit calculation as done by Paskov
et al.”® for GaN is required to see if this hypothesis can account for
the conflicting results in the literature.
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FIG. 3. (a) Low-temperature, high-resolution near-bandedge CL spectrum for sample Il on a linear and logarithmic (inset) intensity scale. The integration time was chosen to
be 10x longer than that for the spectra in Fig. 2. (b) Expanded view of the excited free exciton transitions, with rgzz, Fg:3, and I';~=° resolved. The line is a fit of the data

with three Gaussians (also shown).
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The data in the present work, which are obtained on strain-free
AN, support a negative value of j and thus a lower energy for the
It compared with the I's exciton. The geometry (k|c) of the
measurements depicted in Figs. 2 and 3 is compatible with the detec-
tion of the T's, but not the I'y exciton. This fact is confirmed by
comparison to measurements taken on the cross-section of sample I
(see Fig. S6 in the supplementary material). In the emission normal
to the cross-section (k L ¢), we observe a superposition of the I'"~*
and I'7™! excitons as expected from the selection rules. The intense
emission of the 1"1':1 exciton is situated at 6.031 eV, in between
the T?~! and D°X; lines. The additional peak observed at higher
energy (6.08 eV) for the homoepitaxial layers is attributed to the first
excited state of the free I's exciton as discussed in more detail for
sample III.

For the PVT substrate, two intense and narrow lines are
observed at 28 and 13 meV below the I%~" free exciton ground
state. The former of these lines is absent for both samples I and II.
These lines have been frequently observed in previous work and are
attributed to donor-bound exciton transitions. D°X;, with an exci-
ton binding energy of 28 meV, has been tentatively assigned to either
0" or Si”’ as the shallow donor, whereas the D’X, with a binding
energy of 13 meV has been speculated to be related to a native shal-
low donor.”* The dominance of the D°X; line in the spectra of the
substrate, and the total absence of this transition in our epitaxial lay-
ers, implies a significantly lower concentration of the responsible
shallow donor in the layers compared with the substrate. Accord-
ingly, it is unlikely that this line is related to O, the concentration
of which is even slightly higher in the layers than in the substrate
[cf. Figs. 1(e) and 1(f)]. Si, in contrast, is below the detection
limit for all samples, and it is thus possible that the actual con-
centration in the layers is much below that in the substrate. Our
experiments are thus consistent with Si being the donor related
to the D°X; line, adding support to the assignments made in
Refs. 20, 27, and 46.

To probe radiative deep levels, we performed CL measurements
with lower resolution in the range of 2-4.2 eV as shown in Fig. 2(b).
All spectra in this figure are normalized to their respective near-
bandedge peak intensities. The integrated intensity of the broad
luminescence bands observed in this spectral range exceeds the near-
bandedge intensity by a factor of 2.5 for the bulk AIN substrate, but
it is lower by factors of 0.5 and 0.8 for samples I and II, respectively.
Apart from the higher intensity, the CL band from the substrate is
much broader and seems to comprise two individual contributions,
with the one at higher energy matching the energy of the band in
samples I and II. The line shape of samples I and II are almost identi-
cal, suggesting that similar types of defects are incorporated for both
polarities.

The overall similarity between the radiative properties of the
Al- and N-polar AIN samples is remarkable. In contrast, studies on
N-polar GaN layers, regardless of whether being grown by MBE or
MOCVD, have shown that it is difficult to obtain layers with purity
and emission characteristics equivalent to their Ga-polar counter-
parts. A higher incorporation efficiency of impurities as well as lower
formation energy for N vacancies in N-polar GaN growth are dis-
cussed as possible reasons for this difference in material quality."”
Consequently, N-rich growth seems to be a prerequisite to suppress
the formation of N vacancies for GaN(0001).”* For AIN, our data
show that the situation is much more favorable, suggesting that we
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may use the alignment of the polarization fields as an additional
degree of freedom for the design of AIN-based light-emitters. Note,
however, that interface recombination may become important in
group-III nitride heterostructures and may strongly depend on their
polarity.”” "

To further elucidate the details of the near-bandedge emis-
sion, we turn to sample III, which exhibits the highest emission
intensity of all samples. Figure 3(a) shows its low-temperature
CL spectrum, collected at an acceleration voltage of 11 keV
(still exciting mostly the homoepitaxial layer, see Fig. S7 in the
supplementary material). The higher beam energy ensures a high
signal intensity, facilitating the reliable detection of weak transitions.
As seen best in the inset, ten transitions are resolved, the energies of
which are compiled in Table 1. The highest energy transitions asso-
ciated with excited states of the free exciton are better visible in the
magnified view displayed in Fig. 3(b). Where available, our values
are in good agreement with those of previous studies. In particu-
lar, the E(ngl) exciton and its excited states are resolved at 6.038,
6.079, 6.091, and 6.095 eV, together with their longitudinal optical
(LO) phonon replicas at lower energies. Again, the D°X; transition
and a weak D°X; line (originating from the substrate) contribute
to the spectra as well. The prominent transition at 6.079 eV can be
readily assigned to the E(I%~2) transition, for which energy sepa-
rations of 37-43 meV with respect to the E(T2~") transition have
been reported by other groups, ”'**' ***"*" although no values are
available for the higher-order transitions.

To identify the origin of the transitions at 6.091 and 6.095 eV,
we first consider the hydrogenic effective-mass approximation, in
which the energies of the excited states as well as the binding energy

TABLE |I. Low-temperature (10 K) near-bandedge transitions in AIN. Transitions
resolved in the homoepitaxial, N-polar AIN layers measured in the present work are
highlighted in bold. All of these values have an experimental uncertainty of +1 meV.
We also provide the shift with respect to the AE(FQZ1 ) transitions and, where avail-
able, corresponding literature values. An extended version of this table is provided in
the supplementary material.

Transition E (eV) AE(T*") (meV) AE(T¥") (meV)
r&=' -2L0 53815 -223 -225,22 —231%
2 -2L0 5.849 -189 -188
rr'-Lo 5926 -112 -109,2 —117%
> -L0 5965 -73 -73%
DX, 375
DX, 6.010 -28 -28,%° —28.5,”1 —28.5
DX -25%
DX, -22.1,"7 -22.4° -22.5”
DX, -19,5 -19.0%
DX, 6.025 -13 -13, -13.3,” -13.6!
DX, -9.5,21 —9.5%7
| 6.031 -7 —8%

=1 6.038 0 0

n=2 +31%
re=2 6.079 +41 +39.4,2" +39.4,7 +41%
= 6.091 +53
r5"7 6.095 +57
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of the free exciton can be determined based on the 1S-2S split-
ting, i.e., the energy difference between the first excited state and
the ground state E(T%~%) — E(T%™"). Specifically, the energy of the
second excited state is predicted to be

n= n= 32 = n=
E(I%3) = B(I2™") + E[E(F;’ ) - E(r5h]. (1)
Similarly, the energy of the n — oo transition is given by
E(I"°) = n=1 4 n=2 n=1
(T577) =E(T5 ) + g[E(rs ) — E(Ts )] (2)

These equations yield values of 6.087 and 6.093 eV for the T2~
and I's~*° transitions, respectively, slightly lower than the transition
energies observed.

The simple hydrogenic approximation is not expected to be
in perfect agreement with the actual transition energies, since AIN
exhibits a notable anisotropy regarding both the reduced exciton
mass p and the relative static permittivity e. This anisotropy is
commonly summarized in the form of the anisotropy parameter
y = ex, /(gyp) with the directions relative to that of the ¢ axis.” "’
For values of y other than 1 or 0, exact analytical expressions for
the excitonic levels do not exist. Gil et al.”* have provided numeri-
cal values for the T#=2, T#=>, and T%7 transitions, placing them at
6.076, 6.083, and 6.086 eV for y ~ 1.8, the value obtained for AIN
using the material parameters given in Ref. 55. These energies are
systematically lower than those obtained by the simple hydrogen
model because y > 1, which results in a reduction of the exci-
ton binding energy. In fact, although the effective Rydberg energy
Ry* =Ry(H) u, /(gjeL) amounts to 59 meV, where Ry(H)
=13.6 eV is the ionization energy of the hydrogen atom, the bind-
ing energy obtained within the framework of an anisotropic exciton
is only 48 meV, as reported previously by Funato et al.’’ Even the
experimentally observed 1S-2S splitting of 41 meV only allows for
an exciton binding energy of 52 meV, still inconsistent with the
highest energy feature observed in Fig. 3(b).

Indeed, for an accurate determination of the exciton bind-
ing energy in AIN, Ishii et al.”> have pointed out that it is crucial
to consider not only crystal anisotropy but also exchange and
electron-phonon interactions as well. They showed the latter to
result in a significantly increased exciton binding energy for the
s triplet, namely, 64 meV, accompanied by a 1S-2S splitting of
51 meV. Based on our I's transition energy of 6.038 eV, these values
would result in transition energies for the T2=> and I'*~° excitons
of 6.089 and 6.102 eV, too large compared with the experimen-
tal values. Clearly, the theory has still to be refined to accurately
reproduce the excitonic transition energies observed experimen-
tally. Currently, we share the observation in the literature that the
hydrogenic approximation still seems to reproduce experimental
data best.”” Consequently, we assign the emission lines observed at
6.091 and 6.095 eV to the n =3 and n — oo states of the I's free
exciton. The energy of the '3~ transition corresponds to the exci-
ton continuum and thus the bandgap of AIN. Therefore, the energy
difference between I'Z~' and I'#”> directly provides the binding
energy of the I's exciton, which thus amounts to 57 meV.

Other experimental values for the free exciton binding energy
reported in the literature range from 47 to 67 meV. Those derived by
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17,18,21-23,27,51

relying on the 1S-2S spitting or the energy difference
between the n =1 free exciton transition and the exciton-exciton
scattering band P> """ tend to be close to our value, with the average
being about 54 meV. The large overall variation may be due to strain
effects, sample heating (especially for high-excitation densities), and
the large energy splitting between the I'; and I's excitons.™

In addition, the zero-phonon exciton emission, we resolve two
longitudinal optical (LO) phonon replicas each for the free exci-
ton state and the excited states from this sample. In Fig. 3(a), the

LO phonon replicas are denoted as Fé”zl) - mLO and Ténzz) - mLO
with m € {1,2}. The energy spacing between the phonon replicas
and the main peaks is a multiple of 112 meV, in close agreement
with the quantized LO phonon energy at the I-point in AIN.>

Table I summarizes all near-bandedge transition energies mea-
sured for our MBE films. Column E lists the absolute transition
energy and column AE(T%™"), the energy shift with respect to the
ground state exciton energy T2~'. Table I also gives values for
AElit(F;l) of other transitions observed in studies in the litera-
ture but which are not observed in our films. Note that the actual
origin of the D"X,, D’X;, D°X,, D’Xs, D°X;, and DX, lines is
not yet known. These lines are generally believed to originate from
other donor-bound excitons because of their narrow linewidths,
but the contribution of acceptor-bound excitons, inelastic scat-
tering processes, or many-body effects cannot be ruled out.”"**’
An extended table of all near-bandedge transitions that have been
reported in the literature can be found in the supplementary material
(Table ST1).

Finally, it is interesting to discuss the lack of emission from the
n > 3 free exciton states in any previous study. At the first glance,
it may appear surprising to see recombination from free carriers at
a nominal temperature of 10 K, considering the strong Coulomb
interaction in AIN. The fraction of excitons at a given temperature
and electron-hole density is governed by Saha’s law”” and is pre-
dicted to decrease with increasing carrier temperature and increase
with increasing electron-hole density below the Mott transition.
In the majority of previous studies, the samples were excited with
an ArF laser, which delivers intense ns pulses with a low repeti-
tion rate and an energy close to the band edge. Due to the low
repetition rate, the lowest excitation densities are typically around
50 kW/cm?, resulting in a carrier density in the order of 5 x 10"
cm™. On the other hand, the excess energy delivered per pulse is
comparatively low. For the present CL experiments, the situation is
the opposite. The continuous-wave excitation by the electron beam
facilitates a comparatively low excitation density. In the present case,
we estimate a carrier density of not more than 4 x 10" cm™ for an
acceleration voltage of 11 kV, as detailed in the supplementary
material.°® The carrier temperature, however, is typically rather
high, since electron beam creates highly energetic secondary elec-
trons and holes. The cooling of these hot carriers proceeds via
the emission of LO phonons, thus creating a nonequilibrium pop-
ulation of hot LO phonons® that in turn heats the carrier dis-
tribution by strongly increasing the probability of LO phonon
absorption. Indeed, from the high-energy slope of the I' §":1> -210
transition,””’ we deduce a carrier temperature of 120 K. With this
carrier temperature and excitation density, Saha’s law (See Fig. S8
in the supplementary material) predicts an excitonic fraction of only
0.82, whereas for the carrier density estimated for ArF excitation,
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the fraction increases to 0.95 even for the same carrier tempera-
ture. These estimates provide a clear physical explanation for the
prominence of excited exciton states in our CL experiments.

CONCLUSION

In summary and conclusion, we have investigated the prop-
erties of AIN layers grown by plasma-assisted MBE on both the
N- and Al-polar faces of bulk AIN substrates. Regardless of polarity,
the layers exhibit atomically smooth surfaces, high structural per-
fection and purity, and feature intense free exciton emission and
suppressed emission from bound excitons and deep-level defects.
These results highlight the potential of MBE for the growth of UV
emitters. The ability to grow N-polar samples without compromis-
ing the crystal quality and thus to change the orientation of the
polarization fields in AIN adds an additional degree of freedom that
can be exploited in the design of MBE-grown deep-UV emitters.
Finally, we have shown that the unique excitation conditions in CL
spectroscopy facilitate the detection of several excited states of the
I's exciton, including the excitonic continuum, directly yielding the
exciton binding energy of 57 meV.

SUPPLEMENTARY MATERIAL

See the supplementary material for reciprocal space maps as
well as symmetric and asymmetric w scans of samples I and II, a
detailed characterization of sample III (AFM, XRD, and SIMS), CL
spectra measured under different geometries (sample surface and
cross-section), a discussion of the generation volume and excita-
tion density in CL spectroscopy, the phase diagram of the cou-
pled exciton-carrier system according to Saha’s law, as well as an
extended table of the near-bandedge transitions observed in AIN.
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