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Abstract
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A model for the dynamics of a coupled system of free and localized carriers in semiconductors
with strong carrier localization is suggested. Kinetic Monte Carlo technique is exploited for
simulations. The model is verified by fitting the simulated and experimental temperature
dependences of photoluminescence (PL) band intensity, peak position, and band width, and
the carrier density dependence of PL efficiency in AlGaN quantum wells. The influence

of carrier localization conditions on the dominating carrier migration and recombination
processes is revealed. The efficiency droop effect is shown to be caused by peculiarities of
carrier localization without significant influence of Auger recombination.
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1. Introduction

Spatial band gap variations due to inhomogeneities in com-
position, quantum well (QW) thickness, and strain strongly
affect the performance of photonic devices based on ternary
and quaternary III-nitride alloys. Localization of the nonequi-
librium carriers at the minima of the potential fluctuations
can be beneficial for the light emission efficiency: localized
carriers are isolated from nonradiative recombination centers
(NRCs) [1, 2], and high internal quantum efficiency (IQE)
can be achieved despite the large dislocation densities [3, 4].
On the other hand, the carrier localization influences the car-
rier dynamics even at high densities of nonequilibrium car-
riers [5—15]. The localization affects the radiative and Auger
recombination rates [5, 6]. Delocalization-activated nonradia-
tive recombination and incomplete carrier localization have
been suggested as the efficiency droop mechanisms [7-11].
The band potential fluctuation profile has been shown to influ-
ence the stimulated emission threshold [12—14]. The carrier
localization might also induce current crowding and prema-
ture device degradation [15].
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Experimentally, the potential fluctuations are evident by
a strong inhomogeneous broadening of the photolumines-
cence (PL) spectra [16]. Additionally, the carrier localization
induces unusual temperature dependences of the PL band
peak position and width: S-shaped and W-shaped depend-
ences, respectively, have been observed for InGaN [6, 17-19]
and AlGaN [7, 12, 14, 16, 20, 21] alloys. The spatial varia-
tions of emission intensities and/or peak positions have been
studied directly by confocal microscopy [2, 11, 22], scanning
near-field optical microscopy (SNOM) [1, 15, 23, 24], and
cathodoluminescence (CL) [9, 25]. The potential fluctua-
tions on several spatial scales were revealed with the largest
domains of a micron size and the smallest on the scale of a
few nm [25-27].

The dynamics of nonequilibrium carriers in the localizing
potential is that of the coupled system of the localized and free
carriers. However, due to the random nature of the band poten-
tial fluctuations, modeling of the carrier dynamics within the
localizing potential is a formidable task. Usually, it requires
solving the Schrodinger equation for electrons and holes in
random localizing potential and determining the energies and
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the spatial structure of the localized quantum states. Recently,
amethod based on localization landscape theory has been pro-
posed, which somewhat reduces the complexity by replacing
the Schrodinger equation with a simpler one [28-30].

Simplified approaches to modeling the system consisting of
free and localized carriers are typically based on reducing the
system to a single dominant constituent of either free or local-
ized carriers at certain conditions. The former are analyzed
using the standard ABC model [31-34] with modified recom-
bination rates to allow for the localized carrier migration and
recombination [9—-11] and/or excitonic recombination [35, 36].
This model relies on the statistical averages describing the
thermalized distributions of carriers. Alternatively, for the
case of dominant population of localized carriers, Monte
Carlo simulations of exciton hopping through a random local-
izing potential are used [18, 19, 21, 37]. This approach fails
at high carrier densities when the contribution of free carriers
becomes significant as well as at high temperatures when car-
riers easily delocalize.

The current study is aimed at developing a method com-
bining both approaches, which is capable of modeling the free
and localized carriers simultaneously. Exploiting the kinetic
Monte Carlo simulation technique, we were able to describe
the temperature- and excitation-dependent behavior of PL
band in wide-band-gap AIGaN QWs structure with strong car-
rier localization. The simultaneous fit of these dependences
has been used as a figure of merit for validation of the model
and the parameters used in the model. The simulations ena-
bled us to reveal the importance of certain carrier migration
and recombination mechanisms for the dynamics of the cou-
pled system of free and localized carriers in a wide temper-
ature range. In particular, it is shown that the efficiency droop
at elevated excitations in AIGaN QWs used for fitting in this
study can be caused by peculiarities of carrier localization
without a significant contribution of the Auger processes.

2. Kinetic Monte Carlo simulations

In our model, we consider the following carrier subsystems:
free electrons and holes, and exciton-like localized electron—
hole pairs. The free carriers can move independently, whereas,
the excitons are supposed to behave like single particles that
can be trapped by localizing potential [18, 37].

The localized carriers (excitons) can recombine radiatively,
hop to another localized state or to the mobility edge (and
become delocalized), or tunnel to NRC. The rate of the radia-
tive recombination is calculated as an inverse of the exciton
radiative lifetime:

1

Vpad = —. (1)
Trad

The hopping rate from site i to site j is calculated according to
the well-known Miller-Abrahams formula:

2Ry (Ej — Ei) + |E; — Ei
Vij = Vo €Xp —7 exp | — 2kBT s
2

where E; and E; are the energies of the initial and final states,
respectively, R;; is the distance between the states in space, o
is the decay length of exciton wavefunction, v is the attempt-
to-escape frequency, kg is the Boltzmann constant, and 7T is
the temperature. The exciton hopping takes place only to an
unoccupied localized state.

Carrier delocalization occurs as a transition to mobility
edge at the rate:
AE )

Vdeloc = Vd €XP (_ﬁ
B

3)
Here, AE =E,. —E; is the energy difference between
mobility edge Ey,. and localized state E;, and v is the attempt-
to-delocalize frequency, which is similar to 1y, but includes
also the rate of exciton dissociation as well as reflects the
probabilities to hop above the mobility edge and relax to it.

The rate of exciton tunneling to NRCs depends on the spa-
tial distribution of both localized states and NRCs, and can be
calculated using equation (2) under assumption that the ener-
gies of all NRCs serving as the final state E; are equal. The
contribution of all NRCs have to be included:

Vnonrad = Z Vi»NRC- 4)
NRCs
The total decay rate of an exciton at a given localized state is
calculated as:

Vi = Vpad + Z Vi + Vdeloc + Vnonrad- 5)
J#i

The free carriers are also handled as single particles, but within
a large ensemble. Since the carrier thermalization is assumed
to be much faster than the recombination and localization
processes, the carrier—carrier and carrier—phonon interac-
tions are neglected. The energy distribution of the thermalized
ensemble is described by the Fermi—Dirac distribution func-
tion f (E; Eg), where EF is the quasi-Fermi level energy.

The free carriers can move in space, recombine radiatively
or nonradiatively, or become localized. Since the spatial dis-
tribution of carriers is random, the diffusion processes can be
neglected, and the random motion of carriers is simulated as
the movement of independent Brownian particles with thermal
velocity vy,. As the processes of recombination and localized
exciton formation require the participation of both electron
and hole, we calculate the transition rates for electrons and
assume that the required hole emulates the same behavior.

The bimolecular radiative recombination rate for a single
electron is calculated as:

Upimol = BPp, (6)
where p is the free hole concentration, and B is the bimolec-

ular recombination coefficient. The nonradiative recombina-
tion rate is expressed using Shockley—Read—Hall model as:

VsRH = UtnNVi0%, (7)

where N, and oy are the density and cross-section of NRCs,
respectively. The capture of free carriers to the localized state
is similar to exciton hopping down to lower energy state,
except that only the unoccupied localized states within the
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Table 1. Dynamic processes included in the calculations of event rate. The numbers in parentheses indicate the equations used to calculate

the corresponding rate.

Localized carriers (excitons)

Free carriers

Radiative linear recombination Viad (1
Nonradiative recombination Vnonrad 4)
Delocalization Vdeloc 3)
Hopping Viej )

Radiative bimolecular Upimol (6)
recombination

Nonradiative recombination VSRH (7)
Capture to a localized state Veap 8)

radius Ry are considered and both electrons and holes must
be present nearby. The capture rate in this case can be calcu-
lated as:

R4

ijj <Rloc loc

where veyp0 is the capture rate in the limit of carriers being at
the same place as the localized state. The total decay rate of a
free electron is calculated as:

Vfree = Vbimol T VSRH T Veap- )

The summary of the dynamic processes included in the calcul-
ations of carrier decay rates is provided in table 1.

The simulations of carrier dynamics were performed using
kinetic Monte Carlo algorithm and following the flow chart
shown in figure 1. The detailed simulation procedure is as
follows.

(1) 4D space-energy grid with three spatial dimensions
and one energy dimension is created. The grid size is
128 x 128 x 5 x 1000nm* meV. The localized states
with density N, and nonradiative recombination centers
with density NV, are generated randomly within the grid.
The energies of the localized states are chosen in such
a way that a Gaussian density of localized states is
obtained. No correlation between the energies of the
localized states and their spatial positions is allowed.

(ii) Free carriers are generated randomly within the grid. To
make the simulations closer to steady-state conditions,
the carrier generation is uniformly distributed in time,
instead of generating all free carriers at time ¢ = 0. For
the instantaneous free carrier concentration nge., the
quasi-Fermi level Ef is calculated using the equation:

Mo = /0 ¢ (E) f (E: Er) dE. (10)

where g(E) is the density of states for the free carriers.
Random energy values are assigned to the free carriers
according to the Fermi-Dirac distribution f (E; Ep).

(iii) A particle is randomly selected. The rates of all possible
transition are calculated, as described above. The prob-
ability of any event happening is calculated using the
expression:

W=1-—exp(—vAr), (11)

where v is the total decay rate vy, or 1; for a free carrier
or a localized exciton, respectively, and At is the time
step. A random number taken from a uniform distribution
between 0 and 1 determines the event occurrence. If no
event occurs, the free carrier moves randomly in space,
and the next particle is picked. Otherwise, the type of
the process is determined using another random number
and the decay rates described by equations (5) and (9) for
excitons and free carriers, respectively. After the particle
state update, the procedure is repeated to check for the
second successive event during the same time step. To
reduce the probability of such events, the time step is
chosen small enough. If the process of radiative recombi-
nation takes place, the spatial coordinates, time moment,
and energy of the emitted photon are all recorded.

(iv) Step (iii) is repeated for all the particles. Afterwards, a
new time step begins: a new portion of free carriers is
generated, and the procedure is repeated from step (ii),
until the final time step value is reached.

(v) For a new simulation cycle, a new grid with a different
random distribution of localized states is generated by
starting the procedure from step (i).

The PL spectrum is accumulated by summing the contrib-
ution of each radiative recombination event. To obtain each
PL spectrum, the simulations were repeated with 10000 dif-
ferent grids. The time step of 1 ps was selected, since it accept-
ably reduces the probability of a second successive event for a
particle during a single time step. The evolution of the system
was simulated for 5000 time steps (or 5 ns), which is sufficient
to achieve an equilibrium state in a quasi-steady-state excita-
tion regime.

To fit the experimental dependences with the simulation
results, the excitation power densities are converted to the
carrier generation rates. The fitting range covers 5 orders of
magnitude from 1.2 x 10% to 3.9 x 10 cm™3 s7! in gen-
eration rate, corresponding to the calculated carrier density
between 2 x 10" and 2.4 x 10%° cm~3. The essential param-
eters used in our simulations are YoTiad, YdTrad» Veap0Trads
Nioe@?, and N,oy. To estimate the value of vyTaq, We assumed
that v is of the order of 10'? s~! [38]. According to the typical
experimental results, the exciton lifetime in AlGaN MQWs
was taken to be 200ps [39], which gives vy7,qg = 200. The
other parameters were obtained by fitting multiple exper-
imental dependences simultaneously, as described below. The
low-temperature bimolecular recombination coefficient B
was equal to 4 x 107!% cm?® s~! [40], and its dependence on
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carrier density due to degeneracy was taken into account as
B = By/(1+n/n*) [31]. Here, By is the low-density coeffi-
cient, and n* is the carrier density at saturation threshold equal
to 3 x 10" cm™3. The values of all the parameters are listed
in table 2.

3. Experimental details

To study the dense carrier system containing significant
fractions of both localized and free carriers, PL measure-
ments have been carried out on AlGaN/AlGaN multiple
quantum wells (MQWs) structure exhibiting strong car-
rier localization. The AlGaN/AlGaN MQWs were grown by
migration-enhanced metalorganic chemical vapor deposition
(MEMOCVD®) technique on a c-plane sapphire substrate.
Ten pairs of 5.0nm thick Alj35GagesN quantum wells sepa-
rated by 11.5nm thick Aly49Gag 5N barriers were grown on a
1.2 pm thick n-Alj ssGag 45N buffer layer.

The PL spectra were measured under excitation power den-
sity varied from 0.4 kW cm™2 to 14 MW cm? at different
temperatures from 8 K to 300 K. The 4th harmonic (266 nm) of
the Q-switched YAG:Nd laser radiation (pulse duration 4 ns)
was used for excitation under quasi-steady-state conditions.
A closed-cycle helium cryostat ensured the variation and sta-
bilization of temperature. The PL signal was analyzed by a
double monochromator (Jobin Yvon HRD-1) and detected by
a UV-enhanced photomultiplier.

4. Results and discussion

The simulations of carrier dynamics using the model we devel-
oped in this work require many material parameters and sev-
eral assumptions on the processes of importance. To make the
fitting of experimental and simulated results more reliable, we
simultaneously fitted two groups of experimentally obtained
dependences: (i) temperature dependences of PL efficiency,
PL band peak position, and PL band width measured at fixed
(low) excitation power density; and (ii) PL efficiency depend-
ences on excitation power density measured at different
temperatures. These dependences are commonly used to eval-
uate various material parameters. The PL efficiency depend-
ence on temperature is usually exploited for the estimation of
the IQE under assumption that the efficiency is 100% at low
temperatures, even though this assumption is not always true
[41]. The S-shaped PL band peak position and W-shaped PL
band width dependences indicate carrier localization, and are
typically used to quantify the band potential fluctuation profile
[6,7, 12, 14, 16-21]. The PL efficiency dependences on exci-
tation power density generally exhibit efficiency droop, and
are used to evaluate the contribution of Auger recombination
[31, 33], which is commonly accepted as the main origin of
the efficiency droop in InGaN materials [42, 43], and has been
suggested to be important also in AlGaN [33]. Nevertheless,
the Auger processes have also been shown to be affected by
carrier localization [5, 6, 34], while recently, the importance
of carrier localization to efficiency droop has reemerged [30,
44, 45]. This situation motivated us for an attempt to simulate

Grid initialization [ Cycle count
N++
Y
Carrier generation €
Y
Particle list
Event calculation
Carrier update

All checked?
= Yes
&
Yes

No

N > Niax?

Yes
Y

Figure 1. The flow chart of simulation algorithm.

the carrier dynamics in AlGaN by properly describing the
influence of carrier localization and without the involvement
of the Auger processes.

The starting point in the simulations of PL properties
is reproducing the PL spectrum at the conditions corre-
sponding to those in experiment. The PL spectra measured
at low temperatures have a Gaussian-like band with strongly
expressed LO phonon replicas, as shown in figure 2(a). At ele-
vated temperatures, the phonon replicas become less distinct
due to homogeneous thermal broadening (see figure 2(b)). At
low excitations, the high-energy slope of the PL band is gov-
erned only by the distribution of localized states and exhibits
no change with increasing excitation, whereas at high carrier
densities, the slope is also affected by the free carrier distribu-
tion. Moreover, the increasing excitation results in free carrier
heating, which also changes the high-energy slope of the PL
band. The typical experimental and simulated PL spectra are
illustrated in figure 2 for the temperatures of 8 K and 300 K.

The next step is modeling the temperature dependences of
the PL band properties. The experimentally obtained temper-
ature dependence of the spectrally-integrated PL intensity is
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Table 2. Values of parameters used in simulations.

Photon energy (eV)

(o]
o

Parameter Value Parameter Value Parameter Value
Trad 200 ps Noc 10" cm™3 o 30 meV
U0Trad 200 M 3 x 10"%cm™3 r 26 meV
VdTrad 2000 Noy 300cm™! hwro 98 meV
Veap0Trad 6 By 4 %10 0cm?s! 3 0.04 meV K~!
Niocer’ 10 n* 3% 10" cm™3 ~y 0.75 eV
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Figure 2. Experimental (black) and simulated (red) PL spectra of
AlGaN MQWs at 8K (a) and 300K (b) temperatures.

presented by points in figure 3(a). The PL intensity is almost
constant at temperatures below ~40K and decreases by two
orders of magnitude as the temperature is increased up to
room temperature. The solid line in figure 3(a) represents the
simulated dependence, which fits fairly well. The modeling
revealed that the IQE equals ~90% at low temperature and
decreases down to less than 1% at room temperature. The
PL efficiency decrease with temperature is caused by the
increasing fraction of free carriers as well as by an increasing
rate of nonradiative recombination.

The temperature dependence of the PL band peak position,
shown by filled points in figure 3(b), exhibits nonmonotonous
S-shape behavior with three shift regions: initial red shift up
to 100K, followed by a flat region in the range between 100 K
and 180K, and a red shift again at elevated temperatures. Such
behavior is typical for ternary IlI-nitrides and indicates car-
rier (exciton) redistribution through the localized states [7, 14,
16-21]. At the lowest temperatures, the carriers are frozen at
the localized states they occupy after relaxation from excited
states, since the thermally-activated redistribution has low
probability. Nevertheless, they are still able to hop to adja-
cent lower-energy states by tunneling. The initial increase in

0 50 100 150 200 250 300

Temperature (K)

Figure 3. Experimental (points) and simulated (line) PL efficiency (a),
band peak position (b), and band width (c) dependences on temperature
in AIGaN MQWs under study. The gray dashed line and the blue dotted
line in (b) illustrate, respectively, the peak position calculated using
Eliseev formula [17] and the peak position shift with respect to that at
0K after subtracting the band gap shrinkage (see details in text).

temperature facilitates the carrier redistribution to the lowest
available states. The further temperature increase leads to
thermalization of the carriers and a blue shift of the band,
which results in a more or less pronounced dip in the S-shaped
dependence. The PL band red shift at elevated temperatures is
caused by the band gap shrinkage.

The high-temperature region of the peak position depend-
ence can be adequately described by the Eliseev formula [17],
as shown by the dashed line in figure 3(b), which provides the
localization parameter ¢ = 30 meV reflecting the energy dis-
persion of localized states. Meanwhile, subtracting the band
gap shrinkage calculated by the Varshni formula [46] with
parameters o = 1.04 meV K~ and 8 = 888K [47] and plot-
ting the peak position shift with respect to the band gap energy
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at 0K (4.417eV) reveals that the difference between the PL
band and the band gap is constant up to ~100K temperature.
This behavior, shown by open triangles in figure 3(b), indi-
cates that most carriers (excitons) occupy the lowest energy
states even at the temperatures as low as 8 K. Moreover, the
initial difference of 77 meV is substantially larger than the
energy dispersion of localized states (30 meV). Thus, the car-
riers at low temperatures occupy localized states deep on the
tail of the Gaussian distribution. The simulated dependences
using these insights and the localization parameter o = 30
meV are shown by solid lines in figure 3(b). The fit of simu-
lated results with the experimental data is fairly good in the
entire temperature range.

The measured temperature dependence of the PL band
width is shown by points in figure 3(c). It exhibits a W-shaped
behavior, as is usual for the strong influence of carrier locali-
zation [18, 19, 21]. The PL band width varies little below 60 K,
increases with temperature until ~160K, remains constant
until ~200K, and increases again at higher temperatures. The
first major increase in PL band width is caused by increasing
ability of localized carriers (excitons) to occupy higher energy
states. The kink at ~160K represents a crossover from a non-
thermalized to a thermalized energy distribution of the exci-
tons, while the constant band width above the crossover is an
indication that a thermalized exciton energy distribution is
established. Finally, the second increase in PL band width at
elevated temperatures is due to strengthening carrier-phonon
interaction [19].

The simulations of PL band width dependence on temper-
ature revealed that the simple localization model, described by
a single parameter o, is insufficient, thus, a more sophisticated
double-scaled potential profile model was used. According
to this model [18, 19, 21-24], localized carriers (excitons)
experience potential fluctuations with the dispersion param-
eter o within a certain macroscopically large-scale spatial
region. The average exciton energy of such regions fluctuates
on another energy scale with dispersion parameter I'. Under
the assumption that the carrier redistribution between the
separate large-scale regions is negligible, the dynamics of the
PL band peak position is governed mostly by the small-scale
potential fluctuations, whereas, the PL band width is a result
of the convolution of the distributions reflecting fluctuations
on both scales. As shown by the solid line in figure 3(c), the
best fit was achieved using the parameters o = 30 meV and
I’ =26 meV. The phonon-assisted band broadening A® has
been taken into account as follows [48, 49]:

S
exp (fje) — 1
Here (3 and ~ represent the coupling strength of carriers
(excitons) with acoustic and LO phonons, respectively. We
use Awro =98 meV, 3=0.04 meV K~!' and v=0.75¢eV
obtained from the linear interpolation between the values for
GaN and AIN [49].

Finally, the excitation power density dependences of PL
efficiency at different temperatures were simulated by taking

A (T) = BT + (12)

. -3 -1
Generation rate (cm™s )

1 025 1 026 1 027 1 028 1 029 1 030

100 b—8 K —
_ | oox i
X [ 120K @ T
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) 10 N@®
C E 3
2 ; ]
) I XD .
I
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10° 10" 10> 10°® 10

10"
Excitation power density (kW/cm?)

Figure 4. The measured and simulated PL efficiency dependences
on excitation power density (points) and carrier generation rate
(lines), respectively, at different temperatures (indicated).

into account the localizing potential landscape. The PL effi-
ciency was calculated as the ratio of spectrally-integrated PL
intensity and excitation power density. As illustrated by points
in figure 4, the experimental dependences have two regions:
a small initial increase, and the droop at elevated excitations.
The droop onset shifts to lower excitations as the temperature
is decreased. The solid lines in figure 4 represent the simu-
lated dependences, which quite adequately follow the exper-
imentally observed behavior for the selected value of localized
state density Njo. = 10" cm ™.

The initial increase of PL efficiency is typically attributed
to several effects: the saturation of NRCs, the increasing role
of bimolecular radiative recombination due to filling of local-
ized states, and the screening of built-in electric field in QWs
[11, 41, 45]. Likewise, the efficiency droop is also assigned
to several competing mechanisms with Auger recombina-
tion and carrier delocalization being the most important
[4, 7-11, 14, 31, 33, 41, 42, 44]. Both for efficiency increase
and decrease, the main factor governing the PL efficiency is
the ratio between the densities of localized and free carriers:
the free carriers recombine radiatively via the more effec-
tive bimolecular-type transitions, however, are vulnerable to
nonradiative recombination, conversely, the localized carriers
are less susceptible to nonradiative recombination, but their
radiative recombination is linear. This ratio depends on the
localizing potential landscape, and recently, we have proposed
a parameter kg7 /o, which reflects the ability of localized
carriers to delocalize and migrate, and determines the droop
mechanism [14, 44]. However, this parameter does not pro-
vide details on the contributions of different mechanisms. The
simulated excitation and temperature dependences of the ratio
between localized and free carrier densities are presented in
figure 5. As can be observed, the carriers are mostly localized
at temperatures below 100K, and only at elevated excitations,
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Figure 5. Simulated dependences of the ratio between localized
and free carrier densities on generation rate at different
temperatures.

once the localized states start saturating, the free carriers
become a dominant fraction. Furthermore, at low excitations,
the fraction of localized carriers increases with excitation even
at temperatures as high as 300 K.

The results of our simulations allowed us to divide the
generation rate dependences of the PL efficiency at different
temperatures into four areas reflecting the dominance of cer-
tain processes in the dynamics of nonequilibrium carriers.
Figure 6 presents the division schematically.

In area I, most of the carriers are deeply localized and,
as a result, are well isolated from NRCs. The radiative
recombination of localized carriers (excitons) controls the
PL spectrum and intensity. IQE is high, weakly depends on
temperature, and is limited by the ratio between the rates of
carrier capture to the localized states and to the NRCs. The
density of localized states and radiative lifetime of localized
carriers (excitons) determine the range of this area at fixed
temperature.

In area II, the efficiency droop emerges due to the nonradi-
ative recombination of localized carriers deteriorating the effi-
ciency. Besides, the fraction of free carriers starts increasing,
even though still remaining minor. The onset of area II indi-
cates the ability of excitons to reach NRCs, whereas the slope
depends on the NRC density. Nevertheless, the slope remains
smaller than that in the area III.

Area III corresponds to the efficiency droop. At elevated
excitations, the localized states start saturating, thus, the frac-
tion of free carriers rapidly increases and becomes dominant.
However, the free carrier nonradiative recombination domi-
nates over bimolecular recombination, which is still lower than
the radiative recombination from localized carriers (excitons).

Area IV is the area exhibiting an increase in efficiency
at increasing excitation. Since carrier capture occurs only
to those localized states, which have both electron and hole
nearby, the increasing carrier density results in the higher

100 b1oK .
S ]
> [ ]
O 10 150

Q@ F

(S :

= [

LIJ -

1

Generation rate (a.u.)

Figure 6. Main regions of the PL efficiency dependences reflecting
specific dynamics of nonequilibrium carriers.

probability of carrier localization. As the delocalization rate
at fixed temperature is almost constant, it ensues the rising
fraction of localized carriers even at 300K temperature, and
causes the efficiency increase.

All the data discussed above imply that the major contrib-
ution to photon generation is from localized carriers (excitons)
even at room temperature and high generation rate. Despite
the considerable increase in free carrier density at elevated
excitations, the dominant nonradiative recombination ensures
that the role of bimolecular recombination remains smaller
than that of the radiative recombination of localized carriers.
The PL efficiency dynamics reflects the changes in the relative
rates of recombination due to these mechanisms.

5. Conclusions

Kinetic Monte Carlo simulations applied for the system con-
sisting of localized and free carriers enables evaluating the
contributions and rates of the main processes determining
the efficiency droop, temperature dependence of lumines-
cence efficiency, and the shape of temperature dependences
of luminescence band parameters. It has been shown that the
efficiency droop in such a system can be interpreted without
significant influence of Auger recombination and is mainly
determined by peculiarities of carrier localization. The droop
effect is attributed to the transition of the system of nonequi-
librium carriers from the state with the dominant light emis-
sion from strongly localized states with weak nonradiative
recombination to the state of predominantly free carriers with
a high rate of nonradiative recombination and still a low rate
of radiative bimolecular recombination. Excellent agreement
between theoretical simulations and experimental data was
obtained by employing the developed model for AlGaN QWs
with high density of localized states. The model and simula-
tion procedures are applicable for analysis of carrier dynamics
in any materials, where localized and free carriers coexist.
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