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Time-resolved photoluminescence and light-induced transient grating techniques were applied for the
comparative investigation of the evolution of the internal quantum efficiency and of the carrier diffusion in
an Al,Ga;_,N silicon-doped epilayer and Al,Ga;,_,N MQWs (x > 0.6). The experiments were performed
between 80 and 550 K under various densities of excitation from 1 uJcm™2 to 1 mJcm™2. The decrease of
the photoluminescence efficiency measured at high excitations is quantitatively correlated to the increase of
the diffusion coefficients of carriers and to the increase of their nonradiative recombination rate. We evidence
the reduction of the density of localized excitons with increasing both excitation density and temperature.
The decrease of the excitation-dependent lifetime is less pronounced than the corresponding drop of the
time-integrated photoluminescence efficiency. This is dominated by the thermal dissociation of excitons. At
the lowest excitation densities, the excitons are captured to vacancy complexes. When increasing the excitation
density, the ionization of excitons is produced, which leads to enhancing the nonradiative recombination of
holes to aluminum vacancies and this simultaneously quenches the PL efficiency, due to the saturation of the
bimolecular free-carrier—plasma recombination. At the initial recombination stages and under high excitation
conditions we reveal diffusive recombination on dislocations. After a careful and sophisticated modeling, we
establish relevant numbers for the following: (i) the free exciton binding energies, with values of 104 and
140 meV in the MQWs and in the layer respectively; (ii) the exciton localization energies, which are framed
in the 12-35-meV range; (iii) the lifetimes of the localized excitons, which sit in the 2—4-ns range; (iv) the free
exciton and carrier radiative recombination rate coefficients that are rex = (0.6 £ 0.2) x (7/300)~" x 10 s~!
and By = (74 1) x (T/300)73/2 x 107! cm?® s~!, respectively; (v) the capture cross section for excitons to the
vacancy complex o = (2 £ 1) x (300/T)? x 10719 cm?. Regarding the electron and hole capture cross sections
to aluminum vacancy we found values of (1.5 4 1) x 1073 cm? and (7 £ 1) x 1073 cm?, respectively. The

value of the Coulomb dislocation radius for the free-carrier recombination is established to be 12—15 nm.
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I. INTRODUCTION

The recent progress in the growth of aluminum-rich Al-
GaN layers and of quantum structures based on them is
today boosting a lot of applications in the ultraviolet (UV).
Among them are disinfection, optical data storage, plant
growth, food industry, water disinfection, biological hazard
prevention, excitation of fluorophores, and fabrication of var-
ious specific sensors [1-6]. Deep UV light emitting diodes
(DUV-LEDs) are perfect candidates for the replacement of
lamps based on mercury that are consuming high electrical
power. DUV-LEDs still suffer from low quantum efficiency
and further studies and development are mandatorily needed
to improve them in the view of fulfilling the prescriptions of
the Minamata convention on mercury. Previously applied for
sterilization, the use of this toxic element in fluorescent light
bulbs is prohibited starting in 2020 [7].
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Previous works of such materials have revealed that carrier
localization varies with the aluminum content and the evo-
lution of the recombination rate with temperature in AlGaN
alloys and QWs also raised a lot of questions. Therefore,
in-depth understanding of them now appears of paramount
importance for the design of DUV emitters [8—14] with high
photoluminescence (PL) efficiency. The doping of Al,Ga;_,N
alloys (x = 0.3-0.7) [15] and of Al-rich QW wells (x =
0.58-0.6) [16] with Si produces an enhancement of the
internal quantum efficiency (IQE). Si doping prevents the
compressive strain relaxation and it contributes to the decrease
of the nonradiative recombination rate. This decrease was
correlated to the improvement of the well-barrier interface
[16] for Si concentration up to 7 x 10'” cm—>. When further
increasing the Si doping beyond such a critical value, dislo-
cations are created with a large density [17], and this causes
both PL intensity and lifetime to decrease [18], indicating
a correlation, and it proves the impact of dislocations to
recombination process. Time-resolved temperature-dependent
PL spectroscopy of Al-rich MQWs (x = 0.68) [19] provided
nonexponential PL. decay with an initial PL decay time (here
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we define it as the time after the excitation pulse when the
initial peak intensity is divided by (e) of ~1 ns remained
unchanged up to 150-200 K, which we interpret in terms of
the signature of radiative emission of excitons, from bona fide
avoiding their further capture by nonradiative defects.

As most of the previous studies of Al-rich AlGaN com-
pounds have been performed under conditions of low and/or
moderate photoexcitation densities [16,20,21] or by analyz-
ing only time-integrated features of PL without considering
the variations of the lifetimes of carriers [22], the question
regarding the dynamics of recombination and regarding the
droop of the PL efficiency at high carrier injection levels keeps
open to date. Its answer requires complementary and deeper
studies of the PL kinetics for elucidating the origin of the fast
recombination transients. In the perspective of this, we studied
the carrier lifetimes and the PL efficiency in the context of a
wide range of excitation densities and for temperatures rang-
ing from 80 K up to 550 K. Both complementary techniques of
time-resolved PL (TRPL) and light-induced transient grating
(LITG) were extensively used in order to determine the carrier
lifetimes and the diffusion coefficients of the carriers [23].
By analyzing the decays of photoluminescence correlated to
defects, we reveal that aluminum vacancies are the dominant
nonradiative recombination centers for holes; we demonstrate
that vacancy complexes reduce the quantum efficiency only
at low excitations. We present the experimental correlation
between the excitation-dependent decrease of PL decay times
and the simultaneous increase of diffusion coefficients. We
discuss the impact of these changes to the temperature-
dependent and the excitation-dependent quenching of the PL
efficiency.

II. SAMPLES AND TECHNIQUES

We extend here preliminary studies of the carrier dynamics
performed on two AlGaN heterostructures with high alu-
minum content and available in Ref. [23] to broader ranges of
temperature and excitation densities. The first sample (here-
after referenced as “the AlGaN layer”) is a 0.8-um-thick Si-
doped Aly3Gag e N layer, grown on undoped 0.2-pum-thick
Al-rich AlGaN sublayer (x = 0.76) predeposited on an AIN
nucleation layer itself grown on c-plane sapphire. The second
sample (hereafter referenced as “the MQWSs”) contains Si-
doped multiple quantum wells (MQWs) with 100 periods of
Alp61Gag39N/Aly70Gag3oN. In this case, the basic building
block of these MQWs is a 1.4-nm-thin well layer embedded
into 6.8-nm-thin barrier layers. The whole stacking is grown
on a 0.2-um-thick Si-doped Al-rich AlGaN sublayer (x =
0.76) grown on an undoped 0.2-um-thick Al-rich AlGaN
sublayer (x = 0.82-0.9) predeposited on an AIN nucleation
layer itself grown on the ¢ plane. Note that we select here
samples with very similar average Al contents to facilitate the
comparison of the physical properties of AlGaN layers with
those of MQWs (x = 0.684 on average). The Si concentration
no in the structures (ng ~ 4-5 x 107 cm™3) is optimized for
the efficient reduction of the compressive strain [16]. By
making this choice we did not care about its impact on the
localization energy of carriers [15]. The dislocation density
in the samples is 1.5 x 10° cm™2. The growth procedure is

extensively detailed in Ref. [24]; the structural investigations
of the MQWs can be found in Ref. [23].

The measurements of the PL and of the carrier dynam-
ics were performed by standard means of TRPL and LITG
methods, using for photoexcitation pulses of YAG : Nd3*+
laser fifth harmonic (at a wavelength of 213 nm) having
a duration t;, = 20ps [23]. The TRPL measurements were
performed using a HAMAMATSU C10627 streak camera
and an Acton SP2300 monochromator. The range of exci-
tation fluences Iy scaled three decades from 1073 mJ/cm?
up to 1mJ/cm? and they provided excess carrier density
ANy = 10'7-10%° cm 3, according to the relationship ANy =
alp/hv, where the experimental value of absorption coef-
ficient «(213nm) = 1.8 x 10’ cm™' [25]. The average car-
rier density after the photoexcitation pulse was calculated
as AN = ANy/2 [26]. The time-dependent instantaneous
LITG diffraction efficiency is written DE(t) ~ ANozexp
(-2t /1), with a grating decay time 7. It was monitored by
the diffraction of a delayed probe beam having a wavelength
of 1064 nm [27]. This is allowing simultaneous measurements
of the recombination lifetime t and diffusion coefficient D
from the relation

1/16 = 1/t + 47D/ A% (1)

Here A is the LITG grating period.

For the determination of the absolute value of the internal
quantum efficiency np., we performed direct measurements
of the time-integrated values of the emission (Ipjpp) and
excitation densities (Ip) at 300 K by using a PL calibration
setup [28]. The measurements at ~ 1 mJ/cm? provided np;, =
3.5 £ 0.6% at 300 K in the AlGaN layer, using the following
relationship [28]:

ner. = It F /1o, ()

where

F = {1 — cos*[arctan(rge /1)]}/[ng(ng + 1)*] 3)

is the light extraction factor from the surface of the photoex-
cited AlIGaN. Our experimental conditions are such as that the
collection aperture diameter rger = 3 cm and the distance to
it 7 = 10 cm. An important quantity is the refraction index at
the PL emission wavelength: ng = 2.3.

The experimental values of npp at 300 K allowed the
extrapolation of a low-temperature PL efficiency value to a
number close to 100% at 80-110 K for the conditions of
low densities of photoexcitation [see Figs. 1(a) and 1(c)].
Consequently, a radiative nature can be attributed to the
observed average carrier lifetime of 0.9 ns at ~80 K. It is in
good agreement with the previously reported lifetime of 1 ns
measured in the 8—180-K range for this alloy [19].

III. RESULTS AND DISCUSSION

A. Photoluminescence spectra and decays

Figures 1(a) and 1(b) depict the PL spectra of the AlGaN
layer [Fig. 1(a)] and MQWs [Fig. 1(b)] recorded under various
excitation densities at 300 K. The PL spectra of the AlGaN
layer [Fig. 1(a)] display one broad band with a full width
at half maximum (FWHM) ~240 meV centered at 245 nm
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FIG. 1. Photoluminescence spectra of the AlyesGag3;N layer (a) and of the Alyg;Gag39N/Alg70Gag3o0N MQWs (b) against excitation
intensities at 300 K. Photoluminescence spectra of AlyesGag3N layer (c) and of Alge Gagi9gN/Aly70Gag3oN MQWSs (d) at various

temperatures under low excitation density.

(5.06 eV) while for the MQWs, the equivalent PL band is sit-
uated at 252 nm (4.92 eV) with a similar FWHM of about 240
meV [Fig. 1(b)] [19]. The PL peak positions are almost insen-
sitive to the density of photoexcitation: we record a blueshift
of about 20 meV and an increase of FWHM of less than 7
meV with increasing the photoexcitation density. This teaches
us that the localization centers correlated to fluctuations of
the alloy composition are quite short-range extended, in anal-
ogy with what is found in InGaN alloys, where ~10-nm-
size clusters were observed by high-resolution transmission
electron microscopy (HRTEM) [29]. The fluctuations of their
extensions or, said using another phrasing, their distribution of
size lead to this quantum-dot-like behavior responsible for the
observed broad and excitation-independent spectral shapes
[30,31]. In the range of high excitation densities, the local-
izing centers are saturated and the near band-edge emission at
high energy is due to free excitons and free carriers.

The properties of aluminum-gallium nitride alloys are in-
triguing. At low AIN mole fraction, AlGaN epilayers dis-
play pronounced phase separation. With increasing AIN mole
fraction, such phase separation is strongly suppressed by the
formation of a spontaneous modulation of composition. The
spontaneous formation of such spontaneous superlattice oc-
curs for x > 0.5, as confirmed by HRTEM investigations [32].
Spontaneous superlattices (SSLs) with 0.7-nm QWs and 2-nm

barriers lead to abrupt spectral redshift and enhanced broad-
ening. The well with fluctuation is rather large leading to an
enhanced exciton localization in the layer. The latter is a cause
of high modulation of composition: x = 0.46 in wells and
x = 0.78 in barriers in our sample. Thus the AlGaN layer can
be considered as a superlattice Alg46GageaN/Aly78Gag N
for the photocreated carriers and for the modeling of its optical
properties.

With increasing the temperature from 80 K to RT, the
intensities of the PL spectra gradually decrease, due to the
thermal dissociation of excitons [Figs. 1(c) and 1(d)]. The
nonradiative recombination channels are quite efficient as for
temperatures higher than 470 K, the PL from the MQWs
could no longer be detected. Astonishingly we did not observe
amplified spontaneous emission (ASE) in our samples: there
never appeared a specific narrow PL band. Instead of this,
the shapes of the spectra did not vary when increasing the
photoexcitation density, and the PL decays (that we will show
later) did not considerably differ spectrally. In fact we have
to emphasize that a similar situation was already observed in
Ref. [33]. ASE is hindered probably by the inhomogeneous
fluctuations of the energies combined with the high density
of states in the valence band. As indicated in Ref. [34], the
thresholds for the onset of ASE for temperatures between 80
and 300 K are about 0.5-2 MW /cm? [34], which correspond
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FIG. 2. Spectrally integrated PL band-edge decay transients in Aly ¢ Gag 30N/Aly70Gag3N MQWs (a) and the AlysGag g N epilayer (b) at
various excitation energy fluences I, and 7' = 80 K. The solid lines provide exponential decay fits, the dashed curves show two-exponential
decay fits, while dotted curves represent modeled decays including two localizing centers (see Sec. IIIB). The insets show excitation
dependencies of PL peak intensity values (circles) and of time-integrated PL intensity (squares) recorded at the same fluences as the decays.

to fluences of 2-20mJ/cm?, which exceeds the range of
excitation density we had access to.

At much lower energies than this band-edge emission near
5 eV, we observe the signatures of two PL bands related to
defects. We call them “defect 1” at 330 nm (3.7 eV) and
“defect 2” at 450 nm (2.75 eV). The first defect band is
attributed to the PL signature of a vacancy- oxygen complex,
while the second one is related to the PL signature of an
aluminum vacancy [35,36]. The PL intensities of these defect-
related PL bands quench with increasing temperature. It is
notable that the PL intensity of band defect 1 is weaker in
MQWs than in the AlGaN layer, while the PL intensities of
band defect 2 is rather similar in both samples. Thus, the
similarities of the intensities of the band-edge emission for
the MQWs and for the AlGaN layer suggest that the vacancy
(defect 2 PL band) can be responsible of the nonradiative
quenching of the PL emission. The other one (defect 1 PL
band) was also identified as an effective recombination center
[37].

We first focus on the near band-edge emission in the 5-eV
range. In Fig. 2 are reported the band-edge PL decay tran-
sients for the Alge1Gag30N/Alg70Gag3N MQWs [Fig. 2(a)]
and for the AlGaN layer [Fig. 2(b)] within the very wide
photoexcitation densities at a fixed 80-K temperature. The PL
transients are confirming up to 550 K, the previously observed
nonexponential PL decay in the MQWs at 7 < 150K [19]. At
low excitations and at short delays after the excitation pulse
the PL transients are fitted, using an exponential function (the
decay time t;pp &~ 0.9 ns corresponds to the time after the
excitation pulse when the PL intensity is divided by (e) and
the addition of several complementary (and slower decays)
are needed to account for the recombination kinetics in the
PL tails (we choose here to use the times at long delays
after the excitation pulse when the initial PL intensity is
divided by e and e*). This analysis of the PL decay tails
provided the lifetime values 7(80 K) = 1.5-2.8 ns, being the
lower limit of radiative lifetime. The determined by numerical
calculations radiative lifetime is only slightly larger in these

tails (7. = 2 to 4 ns), when nonradiative recombination
impact 7y is taken into account by the relation 1 /7 = 1 /1,9 +
1/7y (see text further in this paper). The longer values of
Trad 1N the tails reveal the entangled contributions of the
spatial variation of localization potential in the layer, and/or of
different separation of wave functions of electrons and hole by
the polarization fields due to variations of the thickness of the
quantum wells (variations of the contribution of the quantum
confined Stark effect) [38]. When scaling the photoexcitation
density from the low density conditions to the high density
ones, one always records similar nonexponential shapes, with
significant differences in the range of the highest densities,
in a straightforward relationship with faster nonradiative and
free-carrier radiative recombination processes.

In Figs. 3(a) and 3(b) are reported the decay times recorded
for defect 1 330 nm at two temperatures (80 and 150 K) under
different photoexcitation densities. Figures 3(c) and 3(d) are
the analogs of Figs. 3(a) and 3(b) but at different temperatures
(here 80 and 200 K) for the MQWSs sample and they concern
emission at 450 nm (defect 2). As alluded to it earlier, it is
known that the first emission band is due to the transitions
from a Si shallow donor to Vij1-30y (Vi are Ga and Al vacan-
cies) while the second deeper one is due to electron to Valz™
vacancy transitions [35,39]. It is observed that the band at 330
nm (defect 1) exhibits a slow rise with excitation, which is due
to the slow trap filling in the alloy. This rising becomes slower
with increasing temperature. The 450-nm band exhibits a
decay similar to that of excitons/carriers reported in Figs. 2(a)
and 2(b), indicating that, in the MQWS, the trap should be
an efficient nonradiative recombination center, as determined
by positron annihilation spectroscopy [37]. The decay time
of the emission labeled defect 2, reflecting the nonradiative
recombination rate, is larger at highest excitations and lowest
temperatures due to the fast radiative recombination rate of
free carriers. The recombination of a hole to an aluminum
vacancy VaP~ is much faster than the recombination of an
electron to an aluminum vacancy Vx>~ and it is thus hardly
observed here, due to our limited temporal resolution. Thus
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FIG. 3. Evolution of the spectrally integrated PL defect decay transients recorded under different photoexcitation densities at different
temperatures (80 and 150 K) for the 330-nm band in the case of the AlyesGageN epilayer (a) and (b) and their analogs (now at 80 and
200 K) for the 450-nm band in the case of the Alj 1 Gag30N/Alp70Gag3N MQWs (c) and (d). The insets show the dependencies of the PL peak
intensity against excitation density (circles). Dashed lines in the insets show linear fits in log-log scale, defined by y slopes, while solid lines

show fits according to Eqgs. (18) and (22).

the defect 2 band does not exhibit considerable rise time as
in the case of the Vi1-30y trap. The kinetics of the PL peak
intensities for defect 2 also follow a linear dependence against
excitation density, which indicates that emission from this
defect band is of an electron-acceptor nature, as in the range
of high excitations, traps (which density is much smaller than
excited electron-hole pair density) are filled with holes.

In Fig. 4(a) are displayed the Arrhenius plots of the tem-
perature dependences of the near band-edge PL for the AlIGaN
layer (squares) for the MQWs (circles), for defect 1 at 330 nm
(triangles) and for defect 2 (diamonds). Obviously defect 2
departs from the general trend. The temperature dependences
of the decay times in the initial parts (short delays after
the excitation pulse) and in the tail parts (long delays after
the excitation pulse) are very similar, but they differ by a
factor of about 2 [see Fig. 4(b)]. A two-exponential fitting
of decay curves at low excitations and different temperatures
provides rather similar amplitudes for the fast and for the slow
components at low temperatures, while at high temperatures
the slow component amplitude becomes few times lower than
that of fast one. These facts indicate that the origin of the

nonexponential decay is plausibly correlated to the existence
of nonhomogeneously distributed random localizing poten-
tials. In the following we will restrict our analysis to the short
delay part, that is to say from now to decay time t;pp. as they
represent the most well defined electron-hole pair density.
Let us consider the MQWs sample. When the excess carrier
densities reach values of ANy ~ 1-2 x 10'8 cm =3, the values
of 7pp, start to decrease with increasing excitation density, and
this produces transients up to an order of magnitude faster
than at low excitation density [~120 ps; see Fig. 2(a)]. Very
similar excitation-enhanced decay was also observed in the
Aly 6sGag 62N epilayer, reaching at the highest excitation den-
sity the lower value of 70 ps [see Fig. 2(b)]. In both samples,
the decrease of the lifetime measured at 80 K followed a
power dependence ;p;. o Iy~*. We emphasize that this joint
measurement of similar nonexponential PL decay and of a fast
transient decreasing with the excitation density is observed
at 300 K as well. The low-temperature time-integrated PL
intensity I7jp increases linearly up to ANy &~ 10'® cm =3, and
starts to exhibit a gradual saturation in the range of higher den-
sities of excitation (see insets in Fig. 2, where the slope value
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y of the excitation dependence, log(Itipr) vs log(ly) changes
from y = 1.0 to 0.8). On the other hand, the value of the
intensity of the peak PL Ip; ¢ (at# = 0) increased linearly with
excitation, and the slope of its dependence against excitation
density remains nearly linear in the whole range of excitation
[lpL(t = 0) o Iy"!; see circles in the inset of the Fig. 2]. The
value of ypp. &~ 1.0 points out that the radiative lifetime (traq)
in both samples is almost excitation independent (this can be
deduced from the dependence of the radiative recombination
rate against excitation as Ipp(f = 0) ~ ANy/Trag, Which is
valid here, as tjpp > 7t7). This permits us to safely attribute
the change of the TIPL slope (observed from 1.0 to 0.8) to the
increase of the nonradiative recombination rate.

We now have a backward look to Figs. 4(a)-4(d) where
we plot the evolutions of the PL peak intensities, of the PL
decay times, of the energies of the PL emission peaks, and
the variations of the FWHM on temperature. These figures
teach us that the exciton dissociations in wells and layers are
rather similar: band defect 1 activates much faster than band
defect 2, due to a weaker defect capture cross section and Si
donor ionization. The PL peaks all redshift on temperature in
all bands due to the reduction of band gap with temperature
and the broadenings also increase, due to interaction with
phonons. The band edge emission peak is much larger than
kT, and this is an evidence of the existence of a strong
inhomogeneous disorder in the material, making the track of
the excitation dependencies difficult.

The temperature dependencies of band-edge peak posi-
tions were fitted using Varshni’s empirical equation E(T') =
E)—aT?/(b+T) [40] with a=12x103eV/K, b=
1000K, and E(0) =5.007eV for MQWSs; and a = 1.3 x
103eV/K, b=1000K, E(0) =5.236eV for the AlGaN

layer, respectively. The very slight differences in the values
of the fitting parameter a and b are correlated to the similar
compositions of both structures. In comparison, similar values
ofa=(1.0-1.2) x 1073 eV/K, b = 1100K for x = 0.56 Al-
GaN are available in the literature [41]. The broadening of the
PL band at low temperature is due to the cross talking between
the excitonic emission at high energy and the contribution of
localized excitons (12-35 meV localization energy) at lower
energy.

Complementary TRPL measurements were also performed
at higher temperatures, up to 550 K. The PL peak intensity de-
creases from Ipry down to three orders of magnitude in the 80—
550-K range in both samples, whatever the photoexcitation
density is. This leads to the decrease of PL efficiency reported
in Figs. 5(a) and 5(b). This decrease is due to dissociation of
excitons and to the reduction of the bimolecular recombina-
tion rate. However, we remind the reader that the decrease of
the PL lifetime observed when increasing the temperature is
some orders of magnitude smaller [see Figs. 4(a) and 4(b)],
which is due to the enhancement of nonradiative recom-
bination rate with increasing temperature. The temperature
dependence of Ip o(T') was fitted using Eq. (4): [42].

IpLo(T) = PLo/[1 + A x exp(—Eo/kgT)]. “

Here, E, corresponds to thermal dissociation energy of exci-
tons, PLy is the low-temperature PL. amplitude. The values we
obtain for E, are 145 and 103 meV for the AlGaN layer and
MQWs, respectively. Values of constant A are 8000 and 1000
for the AlGaN layer and MQWs, respectively. We obtain a
lower activation energy of excitons in the MQWs compared
to the value we get for the AlGaN layer. As an explanation
of this, we invoke lower modulations of the composition x in
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FIG. 5. Excitation dependencies of TIPL efficiency np_ (a) and
(b), band-gap PL decay time (c) and (d), and decay time of the
emission of vacancy defect 2 (e) and (f), at various temperatures in
the AlpesGag 3N layer and MQW, respectively. Dashed lines in (a)
and (b) show the contributions of excitons to PL efficiency, while
solid lines include both excitons and carriers.

MQWs and their corresponding impact on the energy levels
of the quantum wells.

Figure 5 is organized over a coherent ensemble of six
windows. From Figs. 5(a) to 5(f) we report, at temperatures
ranging from 80 K to 550 K, the following:

(i) the evolutions of the TIPL efficiency np;, against the
excitation density for the AlGaN layer and for the MQWs,
respectively [Figs. 5(a) and 5(b)];

(ii) the evolution of the PL decay times at the band gap
(time after the excitation pulse when the intensity of the TIPL
is diminished by a factor e) for the AlGaN layer and for the
MQWs, respectively [Figs. 5(c) and 5(d)];

(iii) the decay time of emission at the energy of the
defect 2 for the AlGaN layer and for the MQWs, respectively
[Figs. 5(e) and 5(f)].

The PL efficiency exhibits the largest value at the lowest
temperature and for medium excess carrier densities. The
trends recorded for the decay times of the PL at the band-gap
energies are very similar in the AlGaN layer and MQWs,
indicating similar recombination mechanisms. The reduction
of lifetime with excitation is more pronounced at low tem-
peratures compared to its reduction at high temperature, in
relationship with stronger radiative recombination processes.
In the 80-200-K range, we observe a slight increase of npy
with excitation up to reaching a peak value at excess carrier
density ANy ~ 10'® cm~3, which is attributed to a compe-
tition between the exciton radiative recombination and the
saturation of the traps [27]. Further increase of the excita-
tion energy density leads to provoke a gradual decrease of
npL as a straightforward consequence of the decrease of the
nonradiative lifetime. At T > 200K, the value of np_ at low
excitation decreases, as a proof of the increasing impact of
the thermal dissociation of excitons and of a more efficient
capture of delocalized carriers by nonradiative recombination
centers. At higher temperatures, the free-carrier nonradiative
recombination processes dominate. They are weakly excita-
tion dependent. The lifetime slightly reduces with temperature
due to the increasing thermal speed of free carriers. The
lifetime of the defect 2 band has very similar decay time
at high excitation due to the fast hole capture by aluminum
vacancies and it follows the electron density.

At this stage, it is obvious that a detailed understanding
requires a full modeling of the carrier-exciton formation and
of the recombination processes. This we are handling in the
next section.

B. Modeling of the exciton-carrier transport

A global numerical modeling including the relevant and
power-dependent quantities for the analysis that are density of
free excitons Angy, the density of localized excitons Anje,
and the free-carrier densities Ang. as well as their corre-
sponding recombination and emission mechanisms has been
conceived and its solutions have been computed. The PL
intensity (PLI) was fitted with Eq. (5), derived according to
Refs. [43,44]. The latter includes the radiative emission of
both free carriers PLI;., free excitons PLIsy, and localized
excitons PLIj.

PLI(AN) = PLI(Ang) + PLIfex (Ang) + PLLex (Ange) ~ Bf Ang(fe Ange + o) + Angex / Trex (Ange) + Aniex / Tiex (Ange),

AN = Anfc + Anfex + Anlexa Anfex = Anfcfh(feAnfC + ”lO)/’/fx< (5)

Equation (5) contains a lot of parameters depending on the
alloy compositions and on the design of the MQWs sample.
In the equation above, the hole and the electron density in
the wells are described by relations Any, = f; Ang and An, =
JfeAng. respectively, where f, and fj, represent the well occu-

(

pation factors in the case of electrons and holes. B represents
the excitation-dependent bimolecular radiative recombination
coefficient. The conservation law requires that the density of
free carriers augmented by the density of excitons is equal to
the density of generated electron-hole pairs AN.
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The exciton and free-carrier relation holds with an exciton
formation factor [43]:

n* = Nyostex = exp(—Egex(Angc)/kpT), (6)

where Ngostex 18 the excitonic density of states, Efex, wWhich
represents the free exciton thermal ionization energy [44]:

Etex(Ange) = Egexo(1 — [Ange/Nerie]'?). (7

Here N is the critical Mott density. It is correlated with
the Bohr radius ag as follows: agNei'/? = 0.25; Efeyo is the
exciton dissociation energy at low excitation:

Erewo = W (2ua}) ™", ®)

Efexo is related to ag and to the exciton reduced mass u =
0.26 my where it is obtained by the equation 1/u = 1/m, +
1/my, in terms of the electron (respectively hole) effective
mass m, (respectively my,).

In AlGaN alloys with x = 0.7, m, = 0.28 my [45,46],
my = 4myg (the latter value was interpolated between my, =
1.4 mg in GaN and my;, = Smg in AIN [47]). The latter values
of masses lead to a three-dimensional (3D) electron density of
states of 4 x 10'8 cm™ and to a 3D hole density of states of
3 x 10 cm—3. This is indicating that holes are not degener-
ated and weakly activated from the wells in our experiments.

In terms of the well thickness dy, the volume effec-
tive density of states (describing the statistics) for electrons
and holes are: Ny, = me/nhsz/dW =43x10"%and 2.2 x
10" ecm=3 and Ny, = my,/nh*kT Jdy = 6 x 10 and 3 x
10?° cm—3, respectively. The first value here and further below
is for the AlGaN layer (dw = 0.7nm), while the second is
for the MQW (dw = 2nm). Holes thus are not degenerate in
our experiments. For excitons the density of states is Nyosfex =
w/Th*kT Jdy = 4 x 10", and 2 x 10" cm~—3 at RT. The den-
sities of states in the wells are m, /7 Fzer,h /dw (A are the
electron or the hole energy levels measured with respect to
the bottom of the well), which gives 1.0 x 102 em—3, 1.3 x
102 cm ™3 for electrons and 1.4 x 102! cm™3 6.4 x 10%° for
holes. Thus, under our experimental conditions, the wells are
not overfilled with carriers.

The 3D exciton binding energy Eeo = 13.6eVu/e? =
46 meV in x = 0.7 AlGaN is calculated using dielectric con-
stant ¢ = 8.8. The value of the 3D exciton Bohr radius is then
apy = 1.9nm [41]. Using the relative exciton binding energy
Ecx/Ecxo dependence on the dimensionless well thickness
dw /apo [48] for our samples provides Eex/Eexo = 2.2 and 2.8
values, which render E.x = 101 and 129 meV in the MQWs
and in the layer, respectively, being well consistent with the
experiment (104 and 140 meV). The values of the Bohr radii
in the wells and SSL layer then are 1.3 and 1.1 nm as calcu-
lated by relation E.x = h2(2,ua32)’1. Critical exciton densi-
ties then are calculated by using Mott criterion, apNei'? =
0.25:0.7 x 10" cm™3 in MQWSs and 1.1 x 10" cm~3 in the
AlGaN layer.

In AlGaN-based heterostructures conduction-band offset
is taken as being a 70% distribution of the total band offset
between the two nitride compounds used to grow the well
material and the barrier material. The values of the total
values band offsets AE, = 0.8 and 0.3 eV were calculated in
the layer and MQWs, respectively. They represent the band

offsets between Al,Ga;_,N and Al,Ga;_,N in casesx —y =
0.32 and x — y = 0.09, respectively.

For a narrow QW of thickness dy, of depth AE, the
position of the first energy level E;, measured relatively to
the bottom of the well is for a particle of mass m

_ 2
§ = 2mAEcdy /nh < 1; Ej = T”SZAE. )

The condition is satisfied by § = 0.55 and 0.54 in the
MQWs and the SSL layer. Electron energy levels are A, =
0.16 and 0.57 eV below the position that would have the
conduction band in bulk barrier layers. A. levels are very
deep thus thermal activation will not be impacting, but for
the shallower hole level, activation would be possible. For
holes that the ultranarrow well condition is not satisfied and
the energy level above the bottom of the well can be framed
by the standard relation for the infinite well potential

—2
E, i (10)

The calculations render energy levels Ay of 42 meV in
MQW and 48 meV in the layer above barrier energy. The
values observed for the experimental activation energy (43 +
20 meV) well coincide with them. Holes and excitons are thus
localized in the wells.

The calculation of the transition energy between the levels
of electron and hole levels provides energies of 4.9 eV in
the AlGaN layer and 5.0 eV in the MQWs corresponding to
values of emission wavelengths at 248 and 253 nm that are
very similar to the experimental ones (242 and 252 nm).

The shift of PL with excitation power is weak (the emission
appears near the bottom of the QW for electron), and the
free-carrier emission saturates at high excitation densities. In
the range of low density of excitations the excitonic emission
prevails, but with the increase of excitation, due to band-gap
renormalization (BGR) the Mott transition occurs [49] (in
GaN the BGRis 4.3 x 1078eV x AN!'/?> = 80meV at AN =
10" cm™3) and the PL peak position appears very weakly
excitation dependent. This is really tricky to measure: the
large broadening of the peak complicates the observation of
shifts versus excitation and is also a correlation between the
temperature and the variations of the PL emission peak in con-
nection with the reduction of the band gap with temperature.

We have taken into account the evolution of the oscilla-
tor strength for the electron-hole transitions versus temper-
ature. Here we model it using the normalized temperature-
dependent oscillator strength [50]:

Jose = exp[—(S) coth((hw)/2kpT)], (11)

where (hw) and (S) are the averaged optical-phonon energy
(involved in optical transitions) and the exciton-phonon in-
teraction strength, respectively. An average phonon energy
of 95 meV was used [51] and the value of the exciton-
phonon interaction factor (S) = 0.5 was used [52]. This gives
substantial variations of the oscillator strength that is reduced
from 0.96 at RT down to 0.52 at 550 K. Due to small well
thickness, the quantum confined Stark effect and its screening
with carrier density were neglected for simplicity.

Assuming that the exciton formation is much faster than its
recombination, the time-dependent variation of the density of
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excited electron-hole pairs can be described by equation [43]

dAN/dt =G-— Anh/.fnr - Anfex/ffex(Anfc) - Anlex/."—lex
— Bfy Ange(Ang. 4+ np) = G — AN/x. (12)

Equation (12) eliminates the dynamic balance between the
free carriers and the excitons and it provides a straightforward
determination of the recombination parameters: the effective
carrier lifetime v (determined from PL decays) and of the
nonradiative lifetime of vacancies t,,. Here Any,, Angey, Anjex,
Anyg. are the concentrations of holes, free excitons, localized
excitons, and free carriers, respectively. Here, Tgyx and Tiex
represent the radiative lifetimes of the free and of the localized
excitons, respectively. G is the generation function [28]. The
balance between free and localized excitons is described by
equation

d Amex /dt = cif Angex (Nioe — ARjex)
- leAnledeosx eXp(_Eloc/kT)- (13)

J

Here E, is the exciton localization energy, Mo is the density
of localized states, cif are rate coefficients. Assuming the
dynamic equilibrium dAnyy/dt = 0, the latter rate equa-
tion provides the ratio of localized excitons to free exciton
density:

Anlex/Anfex = (NR — N]% - 4Anfeleoc)/2

~ 1/[1 + Angex /Nioc
+ Ndosx exp(_Eloc/kT)/]Vloc];
Nr = Angex + Noc + Ngosx exp(_Eloc/kT)- (14)

The excitation dependent bimolecular radiative recombi-
nation coefficient is described by relation B = Bpq0/(1 +
Ang./2Nq) [53,54]. Here Bi,qo is the nondegenerate bimolec-
ular recombination coefficient and Nq is the density of states
in the conduction band. The relation is valid when the density
of states in the valence band, Ny, is much larger than the
density of states in the conduction band, Ny [53].

The internal quantum efficiency IQE is calculated using the
ratio of the radiative to the total recombination rate as

Anfex [ Trex (Ange) + ANiex /Tiex + B Angc(Ange + ng)

IQE =

The tedious fittings of the PL efficiency and of the lifetimes
against density of excitation and for different temperatures
(Fig. 5) based on the resolutions of Eqgs. (12)—(15) leads us
to the following values of the recombination parameters:

Brado = fose X (7 1) x 10719 x (7/300)3/>cm? /s,
1/Tiex = fose X (0.6 £0.2) x 10° x (T/300)~"1/s,
E, = 104,140 £ 10 meV,
fu =124 pT? exp(—Eun /ksT)]™",
p=02+1)x 1074 K2,
E.n = (43 4+ 20) meV,
Tor = [tn(n0 + Anse) + TeAngel/(ng + Ang),
7, = (160 % 30) x (T /300)~" ps,
T, = (40 & 10) x (T /300)7% ps. (16)

Here fj, is the hole occupation factor in QWs. The fitted
values of the electron (7.) and hole (t;,) lifetimes were ob-
tained using the lifetime of recombination on traps 7, [55].
This latter lifetime is described at high excitations by the
bipolar lifetime of carriers 7, = 1) + 7.

The initial decay was selected for the determination of
the lifetime as it corresponds to an average decay rate over
differently localized excitons and carriers at fixed excitation
density. The value of the exciton radiative lifetime that we
determine at RT is 1.7 ns. It is similar to what was published
for GaN-AIGAN QWs: 0.8-1.4 ns [56]. Note that for the
nonradiative recombination of hole on vacancies (and disloca-
tions) the activation of hole is not considered as vacancies are
located in both the barrier layers and in the well layers. More-

Ange/Tor + Anfex [ Trex (Ange) + ARiex/Tiex + Bfn Ange(Ange + ng) ’

as)

(

over, the values obtained for the capture cross sections (o =
7d?/4) obtained by using the Shockley Reed Hall (SRH)
lifetime model [57] and Eq. (16) are o, = 1.5 x 107'3 and
o, = 7 x 10713 cm? for electrons and holes respectively. With
these values we calculate defect diameters for capture of d, =
4 and 8 nm for electrons and holes respectively. Knowing the
value of the trap density: 5 x 10" cm™3, we calculate that
the mean distance between traps is ~60 nm, a value larger
than the capture diameters d,.. Thus, localized excitons (holes)
will need activation from nm-sized localizing states [58] and
they will then move along the QWs to the defects. At low
temperatures, they will recombine more slowly than at high
ones.

The radiative lifetimes are insensitive to the details of
the quantum localizing potential (departure from perfection
due to local variations of the well widths or variations of
the alloy compositions) forming some kind of quantum dots
with inhomogeneously varying shapes and compositions, but
they strongly depend on the charge separation factor (quan-
tum confined Stark effect) similarly to what was found in
InGaN/GaN quantum dots [58]. The observed nonexponential
decay (Fig. 2) arises from complex and broad distribution of
lifetime, and not from a dynamical screening. The variations
of lifetime are dominantly due to built-in electric fields.

For the verification of the determined set of parameters
(16) we performed numerical calculations of the PL de-
cays at few excitation fluences (Fig. 2) using Eqgs. (12)—(14)
and the carrier generation function G = aly(m!'/?hv)~'exp
(—4t%/7,%) [28] with 7, = 20ps in Eq. (12). The modeled
curves at 80 K rather well describe the experimental decays
with a distribution of localization energy Ej,.. Fitting of the
decay provided densities of two localizing centers by solving
a set of two equations (14), where two localized exciton
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energy values of Ejoc; = 12 meV and Ej,.; = 35 meV with
densities Ne; = 5 x 10" em™3 and Nger = 3 x 1018 em 3,
respectively, were used. We note that these two localization
energies correspond to the fast and slow PL decay components
with lifetimes of Tiex; = 2 ns and 1. = 4 ns. The longest
decays correspond to more separated electron holes and to
deeper localization potentials. In comparison, we refer to
Ref. [59] where similar localization energy of around 20
meV for excitons with ~150 meV dissociation energy was
observed in GaN/AlGaN QWs [59]. Excitons, localized on
QDs, have almost temperature-independent lifetime, thus the
almost constant radiative lifetime at low temperature is due
to the dominance of localized excitons [60,61]. According to
Ref. [58], using Eq. (17),

Tiex = somocgh® [ (2mne* E, err) (17)

(here Ej is the emission energy of the localized exciton, 7 is
the refractive index at E).,) we obtain tjex = 0.5 ns if excitons
are not subject to electric fields (elecron-hole wave-function
overlap is ¢err = 1). According to Ref. [62] ¢eir = 0.37 in a
1.5-nm-thin QW with x = 0.6 AlGaN QWs and AIN barriers.
Under these conditions the lifetime of localized exciton is
increased to 1.4 ns, a value that pleads in favor of more weakly
localized excitons, with a lifetime of 2 ns in our experiments.
We determine the free exciton lifetime to increase linearly
with temperature tpx ~ T [56] with 7 ps/K slope coeffi-
cient. This coefficient is comparable to values reported for
GaN/AIGaN QWs, 11 ps/K, and ZnO/MgZnO QWs, 7 ps/K
[60].

The exciton localization energies are rather small in com-
parison to the widths of the PL spectra. Thus in the TRPL
decay, a spectral shift of 15 £ 5 meV is observed with
time passing. It is also noticeable to remark that quantum
yield remains unchanged at long delays, indicating that both
radiative and nonradiative processes are then deactivated.

Thanks to the phenomenon of charge separation, holes are
localized in small volume region, and experience potential
E\o. barriers for nonradiative recombination. The localized
exciton fractions are njex/nrex = 0.19 (Ejoc; = 12meV) and
0.31 (Ejoez = 35meV) at 300 K and 10" cm™3 excitation,
confirming the existence of fast-decay and slow-decay com-
ponents even at room temperature.

C. Modeling of the defect-related emission

The PL intensity related to the aluminum vacancy-oxygen
complex defect (defect 1) is described by the relation

PLi(AN) = Nsijo(AN)Nr1(AN) f, (18)

which well describes the almost linear dependencies of peak
PL intensity observed and drawn in Figs. 3(a) and 3(b).
This recombination process consists of donor acceptor pair
(DAP) transitions involving a neutralized Si donor [with Ng;°
concentration in Eq. (18)] to neutralized acceptor [with Np;
concentration in Eq. (18)]. The increase of the PL intensity
with excitation is due to the faster filling of acceptors with
holes and donors with electrons under increasing carrier con-
centration. Against excitation the donor filling is described by
the relation [63]

Nsio(AN) = Nsi[1 4+ N /2(ng + AN)] ™. 19)

Here Njg; is total Si donor concentration with an activation
energy of 30 meV [64] and ny is the equilibrium electron den-
sity. The change of the filled trap density Ny by progressive
filling satisfying the condition ny < AN, where ny is the total
trap density, can be described by the following differential
equation:

dNr1/dt = cvu AN(np — AN) (20)

with o the capture cross section and vy, the thermal velocity
of excitons (holes). A solution of Eq. (20) is given by relation

Noy(t) = nr{exp (ovmnrt) — 1} exp (_I/TDAP). 21
exp (cvmnrt) — (AN —ny)/AN

The calculation of the values of the absolute cross sec-
tions o requires the knowledge of the thermal velocity vy, =
(8KT /m;)*>. Here m; = m, + my, is the exciton translational
mass of 4.3my (similar to holes); it provides the following
value of the thermal velocity vy, = 5 x 10%cm/s. At excita-
tion densities higher than the trap density, after stabilization,
the ratio of the trapped exciton density relatively to the
total excited density is r = (1-71gaps/ ANg) Where nypyps is the
trapped carrier density.

This factor describes the drop of QE at low excitation
and from the fit [see drop of npr in Fig. 5(a) at AN ~
Ane, < 3 x 107 cm™3] in the AlGaN layer the value ny =
0.5 x 10'7cm—3 is obtained. Further using that value, and
fitting with the help of Eq. (21) the trap filling curves in
Figs. 3(a) and 3(b), we obtain the value of the trap capture
cross section of o = (24 1) x 10716 x (SOO/T)2 cm? from
the relation t = 1/ovy, nr.

Excitons feel the defect potential (assumed to be long
range and of Coulomb-type V ~ 1/r). The capture probability
reduces with temperature as excitons have a large thermal
velocity at high temperatures. Comparing the trap filling at
80 and 150 K, it evidences the strong reduction of the trapping
cross section with temperature due to the Coulombic nature of
the interactions. Excitons are neutral, thus their capture to the
V-30y trap may be subject to a hole capture following their
ionization near traps. The defect lifetime weakly changes with
temperature, indicating that holes are accumulated onto this
deep defect 1 and they further need a large thermal activation
energy to be released to the valence band for much faster
nonradiative recombination. The value of the lifetime of 2—
3 ns plausibly originates from a radiative electron from the Si
donor to the (acceptor) excited defect 1 transition. The defect
lifetime slightly reduces with temperature plausibly due to
the increase of the acceptor activation. The peak intensity
of the defect emission varies with temperature similarly to
the intensity of the excitonic peak [see Fig. 4(a)], as an
evidence for weaker exciton capture and emission at higher
temperatures. The evolution of the PL intensity of defect 1
band with temperature, PL;(7) was fitted as PL;(T") ~ fj, x
Nsio(AN, T)/[1 4+ o (T)vsy AN/tpap(T)]. The maximum of
the kinetics peak was obtained when the derivative of Eq. (21)
is equal to zero. The last factor accounts for a capture process
becoming slower than a DAP recombination process with
pap decay time [see Fig. 4(b)].
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FIG. 6. (a) LITG decays at different grating periods and excitations. Inset is the plot of the diffraction efficiency against the excitation
density. y are the slopes of the curves in the log-log plot. (b) The correlation between the carrier lifetime and the diffusion coefficient in highly
excited Aly.¢1 Gag39N/Aly70Gag3N MQWs and Al 6sGag ;N epilayer. Solid lines are a fit according to Eq. (24). Dashed lines show the impact

of vacancies to the recombination lifetime.

The evolution of the intensity of the PL related with the
aluminum vacancy (defect 2) was described as

PL, = (AN + no)Nrafu; (22)

Nr, is the trapped to the defect hole density. As the exciton
and carrier emissions PLI(AN) are proportional to AN, the
band-gap emission decay time T can be related to the defect
lifetime by the relation

7, = (AN +ng)/ANT. (23)

This relation confirms the similarity of the decay times
at band edge and at defect 2. The fits corresponding to the
decay times of PL due to defects are shown in Figs. 5(e)
and 5(f). The fits well coincide in a wide temperature range,
indicating that these defects are active in recombination. The
temperature dependence of PL, was fitted as PL, = f, i.e.,
it is only impacted by hole activation from quantum wells
[Fig. 4(a)]. At low excitation defect 2 is only partially filled
due to the concurrent capture to defect 1 (and the strong
deficiency of holes at low temperatures, due to the dominance
of excitons). Thus the slope of PL, is larger than unity at
low excitations and temperatures. For temperature ranging
between 80 and 150 K and under the lowest excitation, the
hole density is very low (<10 cm™3). Then the defect 2
emission at lowest excitations is very weak and this allows us
to evaluate by Eq. (22) the vacancy concentration at Ny = 5 X
10" cm™3. At higher excitations the density of holes captured
to defect 2 saturates to the density of the trap, leading to the
linear slope, similarly as for defect 1. The filling mechanism
of defect 2 with holes was much faster thus we could not
resolve it experimentally. The hole lifetime of 40 ps at RT
[Eq. (16)] provides, according to relation t;, = 1/0 v Nr,
the value of the temperature-independent hole capture cross
section of the aluminum vacancy o = 7 x 107!3 cm? which
confirms the behavior as a deep defect. The value of the
capture cross section is lower for electrons: 1.5 x 103 cm?
according to Eq. (16). In GaN similar vacancy capture cross
sections for holes 10713-10~!2 cm? were determined [65]. In

aluminum nitride similar ~10' cm~3 vacancy concentrations

were determined [66], while vacancy complex concentrations
were by an order of magnitude larger, well coinciding with
our findings.

D. Impact of dislocations to recombination

The nonradiative centers in Si-doped AlGaN alloys are
attributed to Al vacancies [37]. Thus pure AIN exhibits a short
40-ps exciton lifetime in the 50-250-K range [67], whereas
GaN exhibits dislocation-limited lifetimes a few orders of
magnitude larger, ~0.5-24 ns [68]. Therefore, both defects
can be active in AlGaN alloys. The evolutions of the PL
efficiencies with temperature and versus excitation density in
the AlGaN epilayer and in the MQW structure pointed out
that exciton confinement in QWs is similar. Nevertheless, the
gradual decrease of both the TIPL efficiency np, and of the
initial lifetime t;p. at high excitations requires deeper analysis
of the mechanisms responsible for these effects, i.e., possible
impact of diffusion coefficient [69].

The LITG decay kinetics were measured at two grating
periods, 1.95 and 7.8 pum [Fig. 6(a)]. The measurements
allowed us to determine simultaneously the carrier lifetime
(7) and the diffusion coefficient (D) against the excess carrier
density. In the Alye1Gag3gN/Aly70GagsN MQWs, at hlgh
photoexcitations (in the range from 0.1 to 1 mJ/cm?), a sub-
linear decrease of the carrier lifetime with increase of excess
carrier density was observed and was described by a power
law T oc AN~(04£02) i the 80-400-K range. The PL decay
time in the Al 6sGag 3o N layer followed similar dependencies
[see Figs. 3(c) and 3(d)]. On the contrary, the values of the
diffusion coefficient D increased with excitation. A quadratic
slope is measured [inset in Fig. 6(a)], which is typical for
diffraction efficiency, but the observed slope value is reduced
above 1mJ/cm?, which can be explained by the increase
of the recombination rates due to the degenerate plasma of
carriers and to some possible amplified spontaneous emission
[70,71]. The shift of the decay of the peak of diffraction
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efficiency (DE) to earlier delay times and its symmetric shape
at2ml]/ cm? excitations indicates that, at these conditions, the
lifetime is shorter than the laser pulse (20 ps).

In Fig. 6(b) is shown the inverse correlation between
the diffusion coefficient and the lifetime. We note that
a similar correlation was observed in bulk GaN with an
nonhomogeneous distribution of growth defects, where the
temperature-dependent diffusive flow of excess carriers to dis-
locations at hexagon grain boundaries governed the nonradia-
tive recombination rate, 1/Tponraa ~ D(T) [68]. Using for the
recombination lifetime on dislocations equation [72]

1
Ty — ————
ZNNdiSD
1

- ., 9
278 rgis VinNais

[ 1n (rasNG(?) = 0.5 In() - 0.077]

(24)

where rg;s is the dislocation radius, Ny;s is dislocation density.
In our samples, Ngis = 1.5 x 10° cm 2.
We fit the lifetime and the diffusivity correlation as follows:

1/t =1/t + 1/, (25)

where 7, is vacancy limited lifetime as described above.
The fit provides a dislocation radius of 12 nm in the AlGaN
layer and 15 nm in the MQWs. Equation (25) well describes
the correlation between the inverse lifetime and the diffusion
coefficient. The second term in Eq. (24) is much smaller; 7 ps
(Vhe = (8T /rm,)*> = 10" cm/s is the thermal velocity of
electrons, considering that LITG monitors mainly electrons:
DE ~ 1/m, + 1/my, ~ 1/m,), and can only cause slight devi-
ations leading to slightly sublinear correlation slope.

Threading dislocations (TDs) are of a dipolar nature (elec-
trons and holes are localized on different sides of dislocations)
[73], therefore they are observed as dark spots in cathodo-
luminescence imaging [74]. The modeling in GaN provide
for dislocations similar Coulomb diameters of few tens of
nanometers, while excitons are dissociated near dislocations
thus diminishing the photoluminescence efficiency near the
dislocations in by order of magnitude larger distances [75].
The barrier against carrier capture to dislocations can be
screened by excited carriers. Therefore, at low excitation
densities, making the correlation between the quantum effi-
ciency and the dark spot density cannot be straightforward.
Increasing the Si doping leads to observing an increase of the
external quantum efficiency (EQE), which can be explained
by the enhanced exciton formation with doping [see Eq. (2)],
while that process saturates at high exciton density and then
the EQE drops, plausibly due to a lifetime reduction by the
TDs [74]. Moreover, recently a reduction of TD density with
Si doping [76] similarly caused increase of the EQE.

The mobility of electrons in AlGaN is 120 cm?/V /s [24]
at RT, proving, according to the Einstein relationship, an
electron diffusivity coefficient D, = 3cm?/s. For holes the
corresponding value pt, = 15cm?/V /s [77], which allows us
to calculate the hole diffusivity coefficient D, = 0.4 cm?/s.
The electron mobility is much larger according to ambipolar
diffusion relation D, = 2D.D;,/(D. 4+ Dy) ~ 2Dy,. At room
temperature D, equals 0.7 cm?/s. This value is close to that
we determine at high excitation densities, indicating that at
these conditions, localized states are fully filled and free-

carrier transport dominates (holes are weakly degenerate due
to large mass, thus the increase of D would not appear due to
their degeneracy). Indeed, at low excitations carrier transport
should be hindered as localized excitons and carriers are
immobile. This almost freezing of carriers correlates with the
large values of lifetime, as they do not reach dislocations
and they recombine radiatively or they recombine on the
vacancies.

Therefore, the correlation between D and 1/t at high exci-
tations pointed out the increased nonradiative recombination
rate of delocalized carriers, as the delocalization was con-
firmed by the increasing value of D. The nonradiative recom-
bination rate can be expressed by the equation 1/Tponraq ~
(ANgeloc/AN) [57], where ANgeloc and ANj, are the delocal-
ized and localized carrier density, and where the total photoex-
cited carrier density is AN = ANgeloc + ANjoc. The diffusion
coefficient can be expressed as D = D(ANgeloc/ AN ), where
Dy is the delocalized carrier diffusion coefficient. Therefore,
both D and 1/t values increase with carrier delocalization
and explain the experimental dependence D ~ 1/t at high
excitations [Fig. 6(b)].

Therefore, the drop of PL efficiency due to exciton dissoci-
ation occurs in AlGaN at excitations above 2 x 10'8 cm~ and
for temperatures 7 > 150 K (which are the actual conditions
for UV LED operation), but at excitations above 10" ¢cm—3
the enhancement of recombination of free carriers on dislo-
cations generate efficient additional drop mechanism. This
should be managed and cured as it is limiting the perfor-
mances of AlGaN-based UV lasers.

IV. CONCLUSIONS

In conclusion, by using both temporal and spatial mod-
ulation of excess carrier densities and by monitoring their
decays, we could determine the variations of carrier lifetimes
in Al-rich AlGaN layer and MQWs at temperatures ranging
up to 550 K in a broad range of photoexcitation densities.
The experimental results were analyzed within the framework
of the same formalism for both structures as the layer con-
sisted of a spontaneously formed superlattice. The radiative
recombination was found dominant up to 150 K providing
exciton lifetimes of 0.9-2.8 ns at excitation densities of about
1-10 J /em?. The slight increase of the quantum efficiency
at the lowest excitation densities was attributed to the filling
of vacancy-oxygen complexes (Vi;-30n). Further increasing
the excitation density provoked a drop of the PL efficiency
in relation with a decrease of the lifetime of carriers (down
to ~170 ps) in correlation with the excitonic dissociation and
the subsequent enhanced recombination of holes on aluminum
vacancies. Even at higher excitation densities, the delocaliza-
tion of carriers, revealed by the diffusivity increase, enhanced
diffusive recombination on dislocations. The modeling of
the quantum efficiency and of PL decays versus temperature
and excitation density provided values of exciton binding
energies of 104 and 140 meV in the MQWs and in the AlGaN
layer respectively; exciton and carrier radiative recombination
rate coefficients of ro, = (0.6 £ 0.2) x 10° x (7/300)~!s~!
and By = (7% 1) x 10719 x (T/300)73/2cm?3/s, respec-
tively. The localization energies for excitons are found in the
12- to 35-meV range, and the lifetime of localized exciton
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varied in the interval between 2 and 4 ns. The modeling
of the nonradiative recombination rate provided the capture
rates for the vacancies and for the dislocations. The vacancy
complex capture cross sections for excitons was determined to
be 0 = (24 1) x 1076 x (300/7)? cm?. Electron and hole
capture cross sections to aluminum vacancy were also ob-
tained as (1.5 £ 1) x 1073 cm? and (7 £ 1) x 10~ cm?, re-
spectively. The Coulombic dislocation radius for free-carrier
recombination was found to be 12—-15 nm. This complete
set of parameters is of paramount importance for designing
aluminum-rich devices.
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