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Stimulated emission mechanism of aluminum nitride
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Photoluminescence and stimulated emission spectroscopies were performed on transparent aluminum nitride
(AIN) substrates grown by hydride vapor-phase epitaxy. The stimulated emission was observed from cryogenic

to room temperatures and its origin was assigned on the basis of the spontaneous emission spectra and existing
theories. Two stimulated emission mechanism crossovers were also found. One was a temperature-induced
crossover from a purely excitonic mechanism to a carrier-involved mechanism, which is a universal behavior
in semiconducting materials. The other was an excitation-power—induced crossover from an exciton—exciton
scattering mechanism to a phonon-mediated mechanism, which is a unique behavior attributed to the peculiar
excitonic structure (negative crystal-field splitting and positive electron—hole exchange interaction energies) of

AIN.
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I. INTRODUCTION

Aluminum nitride (AIN) and its related compounds have
attracted much attention as deep-ultraviolet (DUV) -emitting
materials [1-3]. Recent studies have demonstrated DUV-
emitting laser diodes (LDs) based on aluminum gallium
nitride (AlGaN) active layers [4,5]. However, AlGaN-based
LDs currently have a shortcoming in that the laser opera-
tion is limited under pulsed conditions with a relatively high
threshold current density (>10 kA/cm?), indicating that the
physics of stimulated emission in AlGaN should be further
examined. Previous studies have mainly focused on the de-
vice physics of AlGaN-based LDs to reduce the threshold
power/current density [6—10], whereas the stimulated emis-
sion mechanism (e.g., from excitonic or electron-hole plasma
states) has received less attention despite the importance noted
in early II-VI semiconductor research [11-19]. Excitons play
a more important role in AIN because of its larger exciton
binding energy compared with that in II-VI semiconductors
[20]. Murotani er al. have investigated the gain generation
mechanism of AlGaN quantum wells [21]. However, their
sample showed broad spontaneous and stimulated emission
spectra because of its alloy composition and/or quantum-well
width disorder, which prevented an unambiguous resolution
of the stimulated emission mechanism of AlGaN. Studying
the stimulated emission mechanisms of binary constituents
is an alternative approach to elucidate the stimulated emis-
sion mechanisms of ternary semiconductors. The stimulated
emission mechanism of gallium nitride (GaN) has been a
subject of numerous investigations [22-26], whereas that of
AIN has yet to be studied. Only one report just observed
stimulated emission at room temperature from AIN layers
epitaxially overgrown laterally on sapphire substrates [27].
Therefore, we herein spectroscopically investigate the stim-
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ulated emission mechanism of AIN from cryogenic to room
temperatures to satisfy both scientific interests and industrial
requirements. We observe excitation-power- and temperature-
induced crossover of the stimulated emission mechanism and
assign the origin of the stimulated emission lines on the basis
of the spontaneous emission spectra and existing theories.

II. EXPERIMENTAL METHODS

We investigated transparent c-plane AIN single crystals
grown by the hydride vapor-phase epitaxy (HVPE) method
[28,29]. The sample was 327 um thick. The x-ray rock-
ing curves of the (0002) symmetric and (1011) asymmetric
planes were 13 arcsec and 11 arcsec (close to the detection
limit), respectively. The total threading dislocation density
was estimated using the etch-pit method to be less than
5 x 10* cm™2. The g-axis and c-axis lattice constants were
3.1110 A 30 = 0.00022 A) and 4.9812 A (30 = 0.00002 A),
respectively. The boron, carbon, oxygen, silicon, and chlo-
rine concentrations were 2.6 x 10" cm—3, 4.8 x 10" cm™3
(near the detection limit), 3.6 x 10'7 cm™3, 9.8 x 10'° cm~3,
and 1.7 x 10'* cm™3, respectively. Unlike physical-vapor-
transport-grown AIN substrates, our sample was transparent in
both the visible [Fig. 1(a)] and ultraviolet [Fig. 1(b)] spectral
regions.

Temperature-dependent photoluminescence (PL) and stim-
ulated emission spectroscopies were performed using a pulsed
ArF excimer laser (ATLEX S 300, ATL Lasertechnik GmbH).
The far-field beam pattern was a rectangular shape. The
excitation wavelength and pulse duration were ~193 nm
and ~6.5ns, respectively. The repetition rate was set at
50 Hz and 10 Hz for PL and stimulated emission measure-
ments, respectively. Luminescence signals were dispersed by
a 50-cm monochromator (SP2500, Princeton Instruments)
and detected by a liquid-N,-cooled charge-coupled device
(SPEC-10, Princeton Instruments). The spectral resolution
was better than 3 meV. For PL measurements, samples were
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FIG. 1. (a) Photograph of a HVPE-grown AIN substrate with a
diameter of 48 mm. (b) Ultraviolet transmittance spectrum of the
sample at room temperature.

excited from the surface normal through a spherical lens and
the luminescence signals were detected at an angle of 60°
from the surface normal. For stimulated emission measure-
ments, samples were excited from the surface normal through
a cylindrical lens. The sample was cleaved at the m plane
and was 2.5 mm long. The luminescence signals were de-
tected from the m plane (under edge-emission geometry). A
closed-cycle conduction-cooling cryostat was used to control
the experimental temperatures.

III. EXPERIMENTAL RESULTS

Figure 2 shows temperature-dependent PL spectra of the
HVPE-grown AIN substrate. The origins of the emission
peaks at 11 K are assigned as follows. The 6.041 eV and
6.027 eV peaks are assigned to the radiative recombination of
a free exciton, with irreducible representations of FIL and I's,
respectively [30-35]. Note that the superscript in the former
indicates longitudinal-wave character [35]. Although difficult
to observe in Fig. 2 (see Fig. S4 in the Supplemental Material
[36]), the peak at 6.032 eV is assigned to a free excitonic
transverse-wave state with an irreducible representation of
I'T [35]. The 6.012 eV peak is assigned to the radiative re-
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FIG. 2. Temperature-dependent PL spectra of a HVPE-grown
AIN substrate. The PL spectra are vertically shifted for clarity. The
factor used to normalize each PL spectrum is also given. The excita-
tion power density is approximately 180 kW /cm?.

combination of the neutral Si-donor—bound exciton (Si’X)
[37,38]. The 5.964 eV peak is assigned to the two-electron
satellite (TES) transition of a neutral Si-donor—bound exciton
[38,39]. Because the longitudinal-optical (LO) phonon energy
of AIN is ~111 meV at cryogenic temperatures [40], the
peaks at 5.924 eV and 5.90 eV are assigned to free (F{‘-ILO)
and bound (Si®X-1L0O) exciton transitions involving one LO
phonon emission, respectively [41]. Similarly, the peak at
5.81 eV is assigned to a free exciton transition with two
LO phonon emissions (F{“-ZLO). It should be noted that the
absolute PL peak energies differ slightly from those in pre-
vious studies [31,33-35,37-39,41] because of the difference
in the residual strain among the freestanding AIN specimens.
The strain-induced effect has been detailed elsewhere [42,43].
The temperature-dependent energy shift of the ' emission is
clearly observed from cryogenic to room temperatures. The
assignment of these spontaneous emission lines provides a
guide for interpreting the following stimulated emission lines
of AIN.

Figure 3 shows excitation-power—dependent luminescence
spectra of the HVPE-grown AIN substrate, as recorded un-
der the edge-emission geometry. At 11 K [Fig. 3(a)], the
peak at 5.960 eV (denoted as P*) first increases superlin-
early (hereafter, it is denoted as first threshold.); the peak at
5.927 eV (denoted as F,T-lLO) then overtakes the P band
as the excitation power increases (hereafter, it is denoted as
second threshold.). Figure 4 shows excitation-power-density
dependence of the integrated emission intensity and the full
width at half maximum (FWHM) of the main emission peak
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FIG. 3. Excitation-power—dependent luminescence spectra of a HVPE-grown AIN substrate, as recorded under an edge-emission geometry,
at (a) 11 K, (b) 50 K, (¢) 75 K, (d) 125 K, (e) 150 K, (f) 175 K, (g) 200 K, (h) 250 K, and (i) 293 K. The change in excitation-power
density is written in the figures, where [; is the threshold power density shown in Fig. 6. The increment of the excitation-power density can
be found from Fig. S6 in the Supplemental Material [36]. The peak energy position of the I'T-mLO spontaneous emissions is derived from

Eq. (1).

at 11 K. Stimulated emission from semiconductors is usually
identified by the occurrence of one or several of the following
criteria: a superlinear increase of an optical output, a simulta-
neous spectral narrowing of an emission (often accompanied
by an appearance of longitudinal laser modes), a spatially
directed emission, and an increase of the coherence length

of an emission above a threshold [44]. We judge the occur-
rence of stimulated emission in AIN from two of the above
criteria: the superlinear increase of the optical output and the
accompanying spectral narrowing of the emission shown in
Fig. 4 (the quantitative details at other temperatures are de-
scribed in the Supplemental Material [36]). Because the cavity
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FIG. 4. Excitation-power-density dependence of the integrated
emission intensity of the emission spectra (black solid circles) and
the full width at half maximum (FWHM) of the main emission peak
(red open triangles) for a HVPE-grown AIN substrate, as recorded
under an edge-emission geometry at 11 K.

length of our sample is relatively long (2.5 mm), we cannot
resolve the longitudinal laser modes due to the limited spectral
resolution of our experimental setup. The excitation-power
dependence of the luminescence spectra is approximately the
same from 11 K to 50 K [Figs. 3(a)-3(b)]. At 75 K [Fig. 3(c)]
and 100 K, the FlT-lLO band exhibits stimulated emission
behavior and is consistently the most dominant emission. At
125 K [Fig. 3(d)], the I'T-1LO band likely shows stimulated
emission, as evidenced by the high-energy tail spectral shape
[45,46], although the stimulated emission peak is slightly
redshifted from the spontaneous emission peak of the I'T-1LO
band. From 150 K to 200 K [Figs. 3(e)-3(g)], the stimulated
emission peak energies do not coincide with any of the spon-
taneous emission peak energies in Fig. 2. From 225 K to
293 K [Figs. 3(h)-3(i)], the stimulated emission appears near
the I'T-2LO spontaneous emission peak energies. The similar
spectral feature from 250 K to 293 K suggests the same origin
of the stimulated emission. At 293 K, the stimulated emission
exhibits a peak energy of 5.72 eV. By comparison, Shatalov
et al. have reported room-temperature (RT) stimulated emis-
sion from heteroepitaxial AIN layers at 214.5 nm (5.79 eV)
[27]. The high-energy shift of the heteroepitaxial AIN layers
likely originates from the biaxial compressive strain generated
by heteroepitaxy [32,43].

IV. DISCUSSION

Below, we discuss the stimulated emission mechanism of
AIN in terms of free-exciton LO-phonon replica (EX-mLO
band), exciton—exciton scattering (P band), exciton—electron
scattering (H band), and electron—hole plasma (EHP) emis-
sions (microscopic pictures of P and H band emissions are
depicted in the Supplemental Material [36]).

The temperature-dependent energy shift of the I'[" spon-
taneous emission peak was obtained experimentally (Fig. 2).
The I'T state has an energy 9.3 meV lower than that of the

'l state [35]. The temperature dependence of the F{"T-mLO

spontaneous emission peak energies (EITLFTO ) can be estimated
1

by the following equation [13]:

5
EmLO _ EFIL'T — mthO —+ <5 — m)kBT (m = 1, 2)’ (1)

LT =
T

where EFIL,T, m, hwyo, kg, and T are the FlL or FlT emis-
sion peak energy, number of phonons involved, LO phonon
energy, Boltzmann constant, and temperature, respectively.
Haug has reported that the stimulated emission peak energy
(gain spectrum) is approximately the same as the sponta-
neous emission peak energy (spectrum) at low temperatures
[46]. In our experiments, the detection geometry of stimulated
emission is k L ¢, where k and c are the Poynting vector of
luminescence signals and the ¢ axis of wurtzite crystals, re-
spectively. Consequently, we consider the I'T-mLO transitions
(not T't-mLO transitions) as free-exciton LO-phonon replica
emissions (Fig. 3).
The spontaneous emission peak energy of the P band, E (P),
can be described as [13]
E(P) = EL yon — EXNI(1 — 1/n),

€exc

n=2,3,...,00, (2)

where EF . . and EX" are the energy and binding energy
of an excitonic state involving the P band emission, re-
spectively. A kinetic term is not included in Eq. (2) [13].
Previous studies have shown that the spontaneous and stim-
ulated emission spectra have a low-energy tail [47,48]. The
most likely candidate for the excitonic state is the energeti-
cally lowest exciton—that is, the I's (dipole-allowed) and I,
(spin-forbidden) states for AIN. The two excitonic states have
approximately the same energy [31]. The reported exciton
binding energy is 67.3 meV [20]. In the present study, we treat
the P™ (n = o0) transition as the P band emissions (Fig. 3).

The spontaneous emission peak energy of the H band E (H)
can be expressed as [49]

E(H) = Ej, ion — vksT, 3)

where EH . is the energy of an excitonic state involving
the H band emission. Previous studies have found that the
spontaneous and stimulated emission (gain) spectra have a
low-energy tail [49,50]. We assign the I'; and I's excitons
to the excitonic state of Eg(cimn for AIN. Parameter y is a
constant related to the translational exciton mass M and the
electron effective mass m,. For example, Klingshirn proposed
y =3/2(M/m, — 1+ 1.7/M/m,) [13], whereas Yu et al
proposed y = M/(2m,) [51]. A more sophisticated theory
agrees well with the former model in the case of ZnO [49].
Parameter M is defined by M = m, 4+ my,, where my, is the
hole effective mass (crystal-field split-off hole for AIN); m, ;
is the averaged effective mass and is defined as 1/m, =
(Z/mj_,e + 1/mH,e)/3 and 1/my, = 2/my , + ]/I’I’l||yh)/3; m e
and m ;, are the effective masses of an electron and a hole
parallel to the c¢ axis, respectively; m, , and m, j are the
effective masses of an electron and a hole perpendicular to
the ¢ axis, respectively. For the effective mass values of AIN,
we used my .= 0.321’)’[0, mj .= 0.301’)’[0, m\np = 0.261’!’!0, and
mJ p = 3.89my, as deduced from Ref. [52], where my is the
electron mass in vacuum.
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To get an insight into the spontaneous and stimulated emis-
sion peaks of an EHP emission, we estimated the band gap
renormalization energy AE, [53]. A dimensionless param-
eter r, is defined by [(47ay/3)nen]~"%, where ap and ne
are the exciton Bohr radius and electron-hole pair density,
respectively. The exciton Bohr radius of AIN was derived as
1.25 nm from the exciton binding energy [20] and dielectric
constants [54]. At the excitation power density of 7 MW /cm?
(around threshold at 293 K), the estimated electron—hole pair
density is 1.5 x 10! ecm~3. Here, we assume that AIN has
a carrier lifetime of 10 ps [55], an absorption coefficient at
193 nm of 2.9 x 10° cm™' [54], and a refractive index at
193 nm of 2.91 [54]. The estimated ry is 2.0. Using the r
and AE, universal relation [53], we estimated AE, to be
approximately 210 meV. This value is the maximum AE,
because we herein assume that the electron—hole pair density
is equal to the photogenerated particle density (i.e., we neglect
the exciton concentration in this estimation.). Notably, other
theories give smaller AE, values [44,56]. The spontaneous
and stimulated emission peaks of an EHP emission must have
energies greater than E, — AE,, where E, is the band gap (not
the excitonic energy) [44].

Figure 5 summarizes spontaneous and stimulated emission
peak energies of AIN. From 11 K to 50 K, we assign the
first- and second-threshold—stimulated emission mechanisms
to the P™ and I'T-1LO band emissions, respectively. The cal-
culated spontaneous emission peak energies are in excellent
agreement with the experimental stimulated emission peak en-
ergies. Notably, the energy position of the P*° band (5.960 eV
at 11 K) cannot be explained by the exciton—exciton scattering
process of the F{“’T states [according to Eq. (2), the P* band
of the ' and I'] states has a photon energy of 5.973 eV and
5.965 eV at 11 K, respectively]. Because of the discrepancy
in the photon energy and spectral shape, we also rule out the
possibility that the first-threshold stimulated emission arises
from the TES emission: the TES emission has a peak energy
of 5.964 eV and a FWHM of 4.5 meV at 11 K (Fig. 2),
whereas the peak at 5.960 eV has a FWHM of 10.7 meV [at
the lowest excitation-power density in Fig. 3(a)]. In the range
from 50 K to 125 K, the stimulated emission mechanism is
attributed to the I'T-1LO band because of the peak energy
and spectral shape (high-energy tail). The slight redshift of the
stimulated emission from the spontaneous emission at 125 K
is ascribed to high carrier temperature and/or reabsorption
effects, as observed for other materials [11-13].

To discuss the stimulated emission mechanism that occurs
at temperatures above 125 K, we first eliminate the possibility
that the stimulated emission originates from the EHP band.
The reduced band gap E; = E, — AE, at RT was estimated
using a relation in Ref. [53] and is depicted in Fig. 5. The
experimentally observed stimulated emission peak is located
at an energy lower than E,, suggesting that the stimulated
emission is not attributable to the EHP band at RT. Feneberg
et al. observed a RT EHP spontaneous emission for AIN
bulk crystals at 5.85 eV under excitation conditions ranging
from 5 MW/cm? to 24 MW /cm? [57]; their experimental
results are consistent with our discussion. Because the EHP
emission emerges as the temperature increases [44], the EHP
band is not the origin of the stimulated emission at all of the
experimental temperatures.
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FIG. 5. Temperature dependence of spontaneous (l"lL’T,
r-T-mLO, P*, and H band) and stimulated emission peak
energies for a HVPE-grown AIN substrate. The temperature
dependence of the I'l' spontaneous emission peak (solid black
circles) and stimulated emission peaks (solid and open red stars)
are experimentally obtained. The term “2nd threshold” in the
figure represents the second stimulated emission by the I'T-1LO
band shown in Figs. 3(a) and 3(b). The energy of the I'T is set
9.3 meV lower than that of the Tt state [35]. The peak energies
of spontaneous emission lines (open black symbols) except the I'}
emission peak are theoretically estimated by the method described
in the main text. Two theoretical models (H [13] and H [51] in the
figure) are used for the H band calculation. E; is the reduced band
gap defined by E; = E; — AE,. The spontaneous and stimulated
emission peak energies of an EHP emission must be greater than E.

Next, we shift the discussion to the H band. Using two
models [13,51], we calculated the temperature dependence
of the H band according to Eq. (3); the results are depicted
in Fig. 5. The calculated result obtained using the y value
reported in Ref. [13] agrees well with the experimental stimu-
lated emission peak energies. Because a rigorous theory [49]
supports the y of Ref. [13] in ZnO (a material similar to
AIN), we speculate that the agreement between the theory and
experiment is not accidental but critical. The theory proposed
in Ref. [49] can also explain the excitation-power—induced
redshift in Fig. 3. Therefore, we conclude that the H band is
one origin of the stimulated emission at temperatures from
125 K to 250 K (at 125 K, both the FlT-lLO and H bands
should contribute to the stimulated emission).

Finally, we consider the stimulated emission mechanism
from 250 K to 293 K. Figure 6 shows the temperature depen-
dence of the threshold power density of the HVPE-grown AIN
substrate. Figures 5 and 6 suggest that the stimulated emission
mechanism might change at 250 K. According to the spectral
positions, in addition to the H band, the FIT-ZLO band should
contribute to the stimulated emission. Previous works have
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FIG. 6. Temperature dependence of the threshold power density
for a HVPE-grown AIN substrate. The threshold power density dif-
fers depending on the irradiated position of the sample, possibly due
to the spatial inhomogeneities of the cleaved edge surfaces and/or
inner crystalline qualities. Most positions of the sample had a thresh-
old power density plotted by solid black circles. The lowest threshold
power density we found is 4.6 MW /cm? at 293 K (red open circle).
Although the spatial variation of the threshold power density below
293 K is not quantified, it should be almost the same or less than the
spatial variation at 293 K (nonradiative recombinations at defects are
generally suppressed as temperature decreases).

theoretically [46] and experimentally [13] discussed the emer-
gence of the EX-2L.O transition at high temperatures in other
materials. Because the appearance of the H band indicates
the (at least partial) dissociation of excitons, the stimulated
emission mechanism should not be assigned solely to the
I'T-2LO band. For the investigated experimental temperature
ranges, the redshift of the experimental stimulated emission
peaks compared with the estimated spontaneous emission
peaks is attributable to excitation-induced damping, polaron
mass correction, higher carrier temperature, and reabsorption
effects, similar to the redshift observed for other materials
[11-13,23,24,44]. We conclude that the stimulated emission
mechanism of AIN at temperatures above 125 K is not purely
excitonic and also does not originate from degenerated EHP
emissions.

Table I summarizes stimulated emission mechanisms in se-
lect semiconductors. Similar to other materials, AIN exhibits
a universal temperature-induced crossover of the stimulated
emission mechanism, where the purely excitonic emission
(EX-1LO band) at low temperatures changes to the carrier-
involved emission (H band) at high temperatures. However,
contrary to our observation, a previous study has reported
that, for CdS at low temperatures, the P band overtook the

TABLE 1. Stimulated emission mechanism in select
semiconductors.
Material Stimulated emission mechanism
7ZnO [13] P band < 70 K, Hband > 70 K
ZnO [13] EX-1LO band < 115 K, EX-2LO band > 105 K
ZnO [19] P band < 150K, Hband > 150 K
GaN [22] EHP band at 8 K
GaN [23] P band < 150 K, EHP band > 150 K
GaN [24] P band < 145 K, EHP band > 145 K
GaN [25] P or H band < 440 K (EHP band > 8 K)
GaN [26] H band from 120 K to RT
CdS [58] EX-1LO < 120K, Hband > 120 K
P band < 50 K, EX-1LO band < 125 K,
AIN (this work) Hband > 125 K

(EX-2LO band superimposes > 250 K)

EX-1LO band because of the low gain generation of the
latter process [59]. This behavior is reasonably explained
by the EX-1LO band emission being a linear recombination
process and the P band emission being a quadratic recombi-
nation process [14,15,44]. Therefore, we observed an unusual
excitation-power—induced crossover for AIN. We can explain
this crossover behavior of AIN in terms of its peculiar exci-
tonic structure. As noted, the most likely candidates for the
initial state of the P band emission are the I'; and I's states
because they are the energetically lowest excitonic states as a
consequence of the negative crystal-field splitting and positive
electron-hole exchange interaction energies in AIN [31,43].
On the other hand, we experimentally confirmed that the P>
and I'T-1LO band emissions after the threshold exhibited an
optical polarization of E || ¢ (see Fig. S5 in the Supplemental
Material [36]), indicating that the interstitial state of the P
band emission is the I'; state. The difference in the excitonic
state between the initial and interstitial states (this statement
does not hold for other materials) should lead to the observed
low transition probability of the P band emission in AIN.

We here consider the thermodynamic equilibrium between
excitons and free electron—hole pairs in AIN. The total particle
density 7, 1S defined by el = Hep + Hexe, Where ey 1S
the exciton density. The fraction of free electron-hole pairs
with respect to the total particle density, x = n.j /R, can be
expressed by the Saha equation [60,61]:

21 (2npksT 3/2exp _Ebu @
I—x Ntotal h? kgT '

where © and h are the reduced exciton mass (1/u = 1/m, +
1/my,) and Planck’s constant, respectively. Figure 7(a) shows
a plot of the calculated results obtained using Eq. (4) under
several fixed E2MY (broken lines). We then consider the free
electron—hole pair density dependence of the exciton binding
energy. Using the r, and AE, relation in Ref. [53] and as-
suming that the absolute exciton energy E.y. is independent of
ney [44], we derive the relation between ry and ESN = (E, —
AE,) — E¢ye as shown in Fig. 7(b). Note that the negative
EP" indicates that excitons are not energetically favorable.
The final results are plotted as red circles in Fig. 7(a). Here,

it must be recalled that the transition probability of the H
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FIG. 7. (a) Free electron-hole pair density fraction, x =
Nen/Miotar, @s a function of the total particle density, ny;, of AIN at
293 K. E2M js 67.3 meV. Red circles are the solutions that consider
the free electron—hole pair density dependence of the exciton binding
energy. The red line is generated by a B-spline interpolation. (b) r;
and E2M relation for AIN. 7, is defined as [(4m a3, /3)n.4]~"/3, where
ag and n,, are the exciton Bohr radius and free electron—hole pair
density, respectively. EXM is defined as (E, — AE,) — E., where
the absolute exciton energy E.x. is assumed to be independent of n,,
[44].

band is maximal when the exciton and free electron—hole pair
densities are the same (x = 0.5) [49,50]. Figure 7(a) suggests
that the H band emission is an efficient process near the
threshold (i ~ 10" cm™3) at RT, which is consistent with
our assignment of the stimulated emission in AIN. Toward
practical applications, this consideration should suggest the
importance of exciton-binding-energy engineering to realize
continuous-wave and/or low-threshold AlGaN-based LDs. A
simple approach should be to reduce the operating tempera-
tures, as indicated in Fig. 6 for AIN and in Ref. [23] for GaN.
The optimum temperature should be approximately 100 K.

Note that polarization-doped [62] AlGaN light-emitting de-
vices are electrically active even at low temperatures [63].

We revealed that the shortest spontaneous and stimulated
emission wavelengths of an unstrained AlGaN-alloy system
(AlGaN-based DUV light-emitting devices are reviewed else-
where [2,3]) are not the same wavelengths but ~208 nm
(the 5.969 eV peak in Fig. 2) and ~217 nm [the 5.720 eV
peak in Fig. 3(i)], respectively, at RT. The shortest stimulated
emission wavelength is almost the same as the stimulated
emission wavelength (215 nm) of hexagonal boron nitride
[64], which is contrary to the case for the spontaneous emis-
sion wavelengths. Shorter stimulated emission wavelengths
are desirable for enhancing the spatial resolution in lithogra-
phy [65] and microspectroscopy [66].

For the sake of completeness, we here estimate the trans-
parent electron-hole pair density in AIN (the method is
described in the Supplemental Material [36]). The effective
density of states at the conduction N, and valence N, band
edges are given by N, = 2[(111”,,_,1112“5)'/3I<BT/(27I}§2)]3/2 and
N, = 2[(mH,hmih)1/3kBT/(27rh2)]3/2, respectively. At 293 K,
the estimated N, and N, are 4.1 x 10'® ¢cm™3 and 4.8 x
10" cm™3, respectively. The transparent electron—hole pair
density is consequently derived as 9.3 x 10'® cm™3, which
is similar to the free electron—hole pair density at around
RT threshold (7 MW/cm?). In addition, varying the irradi-
ated position of the sample yielded a lower threshold power
density of 4.6 MW/cm? at 293 K (Fig. 6). In this case, the
free electron—hole pair density is lower than the transparent
density at the threshold. When a finite loss is also considered,
degenerated EHP is not an origin of stimulated emission in
AIN, as previously discussed.

V. CONCLUSIONS

In conclusion, HVPE-grown AIN substrates were char-
acterized by photoluminescence and stimulated emission
spectroscopies. We observed the stimulated emission from
cryogenic to room temperatures. The stimulated emission
mechanism was assigned on the basis of the spontaneous
emission spectra and existing theories. Similar to other ma-
terials, AIN exhibited a temperature-induced crossover in
which the purely excitonic stimulated emission mechanism
changed to a carrier-involved one. However, we observed
a unique excitation-power—induced crossover in which a
phonon-mediated stimulated emission mechanism overtook
an exciton—exciton scattering mechanism, which we attributed
to the peculiar excitonic structure (negative crystal-field split-
ting and positive electron—hole exchange interaction energies)
of AIN.

Note added in proof. Recently, a study demonstrated
continuous-wave lasing of a 274.8 nm AlGaN-based LD
[67]. The introduction in this manuscript is consequently not
up-to-date, but we believe investigating the gain generation
mechanism of AIN-related materials is still essential both for
scientific and engineering side.
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