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Model of temperature quenching of photoluminescence in disordered semiconductors
and comparison to experiment
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A phenomenological model is suggested to describe nonradiative recombination of optical excitations in
disordered semiconductor heterostructures. The general property of disordered materials is a strong decay of
the photoluminescence intensity with rising temperature. We show that this temperature dependence is a
consequence of the interplay between radiative and nonradiative recombination and hopping dynamics of
excitations in the manifold of localized states created by disorder potential. The dynamics is studied by kinetic
Monte Carlo simulations. Experimental data on the thermal quenching of the photoluminescence intensity in
(Galn)(NAs)/GaAs and Ga(NAsP)/GaP quantum wells are presented, which are in good agreement with the

theoretical results.
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For all disordered materials, it has been well-established
that the quantum efficiency of the photoluminescence (PL)
drastically decreases with increasing temperature. Classical
theoretical approaches to description of nonradiative pro-
cesses in perfect crystalline semiconductors are not appli-
cable to disordered materials, since the behavior of photoex-
cited electrons and holes in the latter systems is essentially
determined by disorder potential that causes spatial localiza-
tion of electron states. We suggest in this Brief Report a
model of nonradiative recombination in disordered materials,
which takes into account not only the interplay between ra-
diative and nonradiative processes, but also the dynamic ex-
change of charge carriers between localized states. We show
that these dynamic effects determine the thermal quenching
of the PL at low temperatures. Furthermore, we show how
the temperature dependence of the PL intensity I(7) is re-
lated to important parameters of disordered materials, such
as the localization energy scale and the relative concentration
of nonradiative centers and traps.

Although our model is general and it can be applied to
any disordered system, we test it here on a particular case of
semiconductor heterostructures containing nitrogen, which
are currently intensively studied for applications in optical
communications and photovoltaics. Materials containing ni-
trogen suffer from disorder effects, which become more pro-
nounced with increasing of the nitrogen content. At room
temperature, the majority of generated electrons and holes
recombine nonradiatively. This leads to unfavorably high
threshold current densities in lasers and to an unfavorably
short minority carrier diffusion length in solar cells.

We studied experimentally the thermal quenching
of the PL in Ga0.7In0.3N0.006A50.994/GaAs and in
GaN 04As( 50P) 16/ GaP quantum wells (QWs). The PL mea-
surements were performed under direct excitation of QWs
with a Ti:sapphire laser with the wavelength of 800 nm in a
continuous wave (cw) regime for Ga(NAsP)/GaP QWs and
using a short pulse excitation with the wavelength of 900 nm
for (Galn)(NAs)/GaAs QWs. The excitation density was
14 W cm? in the short pulse regime. The sample temperature
in the cold-finger cryostat was varied from 10 K to room
temperature. For cw measurements, the PL signal was dis-
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PACS number(s): 78.55.Cr, 78.20.Bh, 78.47.+p, 78.67.De

persed in a 1 m grating monochromator (THR 1000 from
Jobin-Yvon) and collected by a cooled germanium detector
applying the standard lock-in technique. For the short pulse
measurements, the PL signal was dispersed by a 32 cm spec-
trometer with a spectral resolution of 2 nm and detected us-
ing a Hamamatsu S1 streak camera with a time resolution of
20 ps. Time-integrated PL intensities /(7T) are discussed be-
low.

Experimentally obtained I(T) dependences are shown in
Fig. 1. The prominent features of the temperature-induced
quenching of the PL are the relatively weak (nonexponential)
temperature dependence at low temperatures, succeeded by a
steep drop by several orders of magnitudes and subsequent
saturation of the PL. This shape of the thermal quenching of
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FIG. 1. Experimental data for the normalized PL intensity (/1)
as a function of temperature for Gag;Iny3Ng o0sASg 994/ GaAs and
GaN( 04AS 30P0 16/ GaP QWs (symbols). Solid lines show the re-
sults of the kinetic Monte Carlo simulation.

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.233201

BRIEF REPORTS

the PL is generally observed in disordered systems, e.g.,
(GaIn)(NAs) QWs,'3 Ga(AsSbN) QWs,* InGaAs/InAlAs
superlattices,” and (InGa)N/GaN QWs.%8

Numerous attempts have been devoted to the theoretical
interpretation of the PL temperature dependence of the kind
shown in Fig. 1. These attempts differ by the attribution
of nonradiative channels to different physical processes. For
example, it was shown that in (Galn)As/GaAs QWs with
shallow quantized states, the nonradiative recombination is
related to the thermal activation of optical excitations from
the radiative states in the well into the barriers.’ This mecha-
nism cannot, however, account for I(T) dependence in
(Galn)(NAs) QWs with large band offsets. Traditionally non-
radiative recombination is associated with thermal activation
of excitations from radiative states into nonradiative
channels.!%!2 Up to three distinct activation energies for
nonradiative processes have been suggested. Numerous opti-
cal measurements, however, evidence a continuous energy
distribution of states in band tails, which is hardly compat-
ible with a few discrete levels responsible for the activation
energies.

Grenouillet et al.! pointed out the similarity between ther-
mal quenching of the PL intensity in (Galn)(NAs) QWs and
that in amorphous semiconductors, such as chalcogenide
glasses and amorphous silicon.!? In amorphous semiconduc-
tors one can resolve a temperature range where I(T) follows
the dependence

I o< exp(— T/T) (1)

with some characteristic temperature 7. Gee and Kastner'#
showed that this expression can be obtained assuming that
energy barriers for nonradiative processes have an exponen-
tial distribution, though they did not specify the origin of this
distribution. Baranovskii and Karpov!® ascribed this expo-
nential distribution of barriers to the exponential energy de-
pendence of capture cross section of carriers into localized
states, while Street!? ascribed the distribution of barriers to
the exponential density of states in the band tails. Previous
approaches were based on the assumption that carriers cap-
tured into some localized states either recombine from these
particular states radiatively, or the carriers are thermally re-
leased into nonradiative channels. A possibility of the redis-
tribution of carriers between radiative states has been evi-
denced experimentally in numerous studies'®'® and we
suggest below a model that takes this dynamics into account.
Furthermore, we show that only taking into account the re-
distribution of excited carriers between localized states prior
to the radiative or nonradiative recombination, one can ex-
plain the observed I(T) dependences in the whole tempera-
ture range.

The model of the PL looks as follows. Electrons and holes
generated by optical excitation are captured into localized
states created by the disorder potential and called here trap-
ping sites, which are centers of radiative recombination.
These sites are assumed randomly distributed in space and
energy forming the so-called band tails, which are character-
ized by density of states g(€) [Fig. 2(a)].

We consider the case of strongly correlated electron-hole
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FIG. 2. (a) Schematic energy distribution of localized states in
the band tail. The origin of the energy axes is set to the mobility
edge. (b) Schematic illustration of the kinetic processes involved in
the model of exciton dynamics: 1—hopping transitions between
localized states, 2—thermal activation to the mobility edge,
3—capture to nonradiative centers (NRC), 4—retrapping, and
5—radiative recombination.

pairs in the form of excitons, assuming that such pairs can be
localized with respect to their center-of-mass coordinate. Ex-
citons can either perform transitions between localized states
or they can be thermally released into extended states above
the mobility edge. Being excited to the mobility edge, exci-
tons can either be captured by nonradiative centers or they
can be recaptured into radiative trapping sites. These pro-
cesses are schematically illustrated in Fig. 2(b). We will
show below that these processes are decisive for the shape of
the dependence (7).

The phonon-assisted hopping transitions between local-
ized states are described by Miller-Abrahams tunneling
rates'”

ﬂ_65_6j+|6i—6j|) (2)

Vij = VO CXp(— ZkBT

where €; and €; are energies of sites i and j, respectively, r;;
is the intersite distance, « is the decay length of the localized
exciton center-of-mass wave function, v is the attempt-to-
escape frequency, and kg is the Boltzmann constant. The
thermal activation from a localized state with energy e to the
mobility edge is determined by the rate

v, = vy exp(— elkgT). (3)

For those excitons which are activated to the mobility edge,
the probability to recombine nonradiatively is determined by
the ratio of the concentration of nonradiative centers N, to
the sum concentration (N,,+N,) of nonradiative centers and
traps, provided the traps and nonradiative centers have the
same capture cross section. If the capture cross sections of
radiative and nonradiative centers are different, one can eas-
ily modify the results by weighing the concentrations N, and
N, with the corresponding capture cross sections. The radia-
tive rate is defined as the inverse exciton lifetime 7,'. The
quantum efficiency is determined by the ratio between the
number of excitons that recombine radiatively and the total
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number of generated excitons. For simulations we have es-
sentially modified the algorithm suggested in Ref. 20 in or-
der to account for nonradiative processes as described above.

We verify the suggested model by comparing its results
with experimental data in Fig. 1. For simulations we choose
the exponential energy distribution of localized states

(0= €' exp(- ele) (4)

with a characteristic energy ¢, as proven for (Galn)(NAs)
QWs.!71821 The results of the computer simulations are
shown by solid lines in Fig. 1. Known values of the material
parameters €,=8 meV, N,a’=0.1, vy7,=10* were taken for
(GaIn)(NAs) QWs.!”1821 For Ga(NAsP) QWs the param-
eters were €=10 meV, N,a*=0.01, and vy7y=5X 10*. The
ratios N,,/(N,,+N,)=0.12 and 1.4X 107 were necessary
in order to fit the experimental data for (GaIn)(NAs) and
Ga(NAsP) QWs, respectively.

The conclusions to be deduced from the agreement be-
tween the results of the Monte Carlo simulation and the ex-
perimental data in Fig. 1 are the following. First, the consid-
ered model contains physical mechanisms which are
necessary in order to account for the observed temperature
dependence of the PL intensity in the whole temperature
range. Second, a comparison between the results of computer
simulation carried out in the frame of the formulated model
provides important information on material parameters, such
as the ratio between concentrations of nonradiative and ra-
diative centers N,,/(N,,+N,) and the energy scale ¢,.

However, these conclusions might be of little help to ex-
perimentalists, who measure I(7) dependences and would
like to deduce material parameters without carrying out
elaborate computer simulations. Below we provide an ana-
lytical description of I(T) in order to gain better understand-
ing of the important physical mechanisms and to supply ex-
perimentalists with a recipe of how to determine such
parameter as, for instance, N,,/(N,,+N,) and €, from the
experimental data using analytical formulas. One should bear
in mind, however, that the analytical description can be car-
ried out only in the frame of a simplified model. The simpli-
fication is introduced on the expense of neglecting the energy
relaxation of recombining carriers prior to recombination
events. The model can be formulated on the base of the one
suggested by Gee and Kastner,'* if one assumes that an ex-
citon thermally activated to the mobility edge does not nec-
essarily recombine nonradiatively, but can be recaptured into
a radiative state with probability N,/(N,,+N,). Then the ap-
proach of Gee and Kastner'* yields the temperature depen-
dence of the PL quantum efficiency in the form

N _1
ﬁew(— elkgT)| . (5)

nr t

Izlof deg(e)[l + 7

0

were [ is the quantum efficiency at zero temperature. In the
limit of very low temperatures, kzT < €, this formula can be
reduced to the form of Eq. (1) with the characteristic tem-
perature 7 related to the material parameters as

T, = €k 1n-1<v TN—) (6)
1 o*p 0 ONnr+Nz
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FIG. 3. Comparison between the results of Monte Carlo simu-
lations (solid lines) and those of Eq. (5) (dashed lines).

Results for the quantum efficiency as a function of tem-
perature obtained from Eq. (5) are compared in Fig. 3 with
the results of the straightforward Monte Carlo simulations
for the experimentally relevant parameters: €,=10 meV,
N,a?=0.5, and vy7y=10* The results of the simplified ana-
Iytical theory essentially deviate from those of computer
simulations at low temperatures, while at high temperatures a
good agreement is established. The reason for these trends is
rather transparent. At low temperatures, excitons trapped into
localized states perform energy-loss hopping transitions be-
tween the traps. Concomitantly, the energy distribution of
excitons shifts towards deeper states in the band tail with
respect to the mobility edge. Hence the activated nonradia-
tive recombination becomes weaker as compared to that
given by Eq. (5), in which it was implicitly assumed that
excitations are frozen after the first capture event and no
dynamical exchange between traps is allowed. As tempera-
ture increases and becomes comparable with the energy scale
of the band tail (T= €,/kg), the thermal release to the mobil-
ity edge becomes efficient and the intersite dynamics does
not play an essential role anymore. Then the energy distribu-
tion of excitons approaches g(€). This explains why the PL
intensities obtained from the Monte Carlo simulations are
close to those obtained from Eq. (5) at high temperatures.

Apparent agreement between the analytical results and
computer simulations at high temperatures suggests this tem-
perature range as convenient for interpretation of experimen-
tal data. At temperatures above ~150 K, the quantum effi-
ciency in Fig. 3 approaches its asymptotic value I/1,~[1
+N,,v97/ (N,,+N,)]~!. We would like to emphasize that the
level of the high-temperature plateau in the I(7T) dependence
provides the straightforward estimate for the combination of
material parameters N,,vy7y/ (N, +N,). Although such high-
temperature plateaus were observed in numerous experimen-
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tal studies,'= they have not received the necessary attention
yet.

Instead more attention of researchers has been paid to the
magnitude of the characteristic temperature T, in Eq. (1).
Equation (6) can be indeed considered as a useful approxi-
mation that relates 7, to the material parameters. For ex-
ample, taking the value 7,=17 K3 and estimating
N, v979! (N,,+N,) = 10> from the high-temperature plateaus
in the I(T) dependences for (Galn)(NAs) QWs,! one comes
via Eq. (6) to the very reasonable estimate €,= 10 meV.
However, one should keep in mind that the real shape of I(7)
given by the simplified analytical theory differs essentially
from the result of computer simulations particularly at low
temperatures, as well seen in Fig. 3. While analytical theory
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predicts a steep drop of the I(T) curve at very low tempera-
tures, the results of the kinetic Monte Carlo simulations dem-
onstrate a much weaker temperature dependence at low tem-
peratures as observed experimentally. The latter is caused by
the dynamical redistribution of excitations towards deeper
states in the band tail at low temperatures, which hinders
their nonradiative recombination via activation to the mobil-
ity edges.
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