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Abstract—The dependences of the quantum efficiency of InGaN/GaN multiple quantum well light-emitting
diodes on the temperature and excitation level are studied. The experiment is performed for two lumines-
cence excitation modes. A comparison of the results obtained during photo- and electroluminescence shows
an additional (to the loss associated with Auger recombination) low-temperature loss in the high-density cur-
rent region. This causes inversion of the temperature dependence of the quantum efficiency at temperatures
lower than 220—300 K. Analysis shows that the loss is associated with electron leakage from the light-emit-
ting-diode active region. The experimental data are explained using the ballistic-overflow model. The simu-
lation results are in qualitative agreement with the experimental dependences of the quantum efficiency on

temperature and current density.
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1. INTRODUCTION

The temperature dependence of the external and
internal quantum efficiency (QE) of InGaN/GaN
multiple quantum well (MQW) light-emitting diodes
was previously studied, e.g., in [1—16]. Two methods
are most commonly used for studies: photolumines-
cence (PL) and electroluminescence (EL). The pho-
toluminescence mode is convenient due to the fact
that it allows the partial and in some cases complete
exclusion of carrier leakage from quantum wells
(QWs). For example, in the cryogenic temperature
region where carrier leakage occurs by the tunneling
mechanism, the lifetime appears much shorter than
the tunneling time [17], which allows a conclusion
concerning the complete absence of carrier leakage in
the PL mode. At higher temperatures, the role of leak-
age can be stronger, if steady-state excitation condi-
tions are not satisfied [18]. Nevertheless, carrier leak-
age during PL has a lower significance, since bipolar
carrier generation occurs in the case at hand, in con-
trast to electroluminescence where the active region
contains a larger number of electrons, i.e., high-
mobility carriers.

It is possible that the temperature dependence of
the QE for structures with InGaN/GaN QWs can be
strictly described by taking into account the tempera-
ture dependence of the Shockley—Read nonradiative
recombination (A4), radiative (B), and Auger recombi-
nation (C) coefficients within the ABC model (see,
e.g., that for the PL mode [1—4]), although there is

still no consensus in this respect in publications [19,
20]. In the case of the ABC model, a decrease in the
QE with temperature should be expected at all exci-
tation levels, which is associated with an increase in
the coefficients 4 and C [21]. Nevertheless, inversion
of the temperature dependence of the QE was
observed in some studies for the PL mode: the QE
increases as the temperature increases to 7' = 150—
220 K [5—7]. In the low-intensity region, where two
competing processes associated with nonradiative
(Shockley—Read) and radiative recombination take
place, the QE reaches relatively high values (up to
~250% according to [7]). In the region of high pump
powers, where the Auger recombination rate becomes
significant, the increase in the QE with T is relatively
low (to ~15% according to [6]). In both cases, inver-
sion of the temperature dependence of the QE is
explained by carrier delocalization from nonradiative
recombination centers with increasing temperature
[5-7].

In the electroluminescence mode, inversion of the
temperature dependence of the QE can cause a stron-
ger increase in the quantum efficiency with 7" (a 1.5—
30-fold increase in the region of high current densities,
j > (1—-10) A/cm? [8—14]). To explain this effect, tun-
neling leakage [8], a high injection level of electrons to
the p-type region [9, 10], carrier escape from QWs
[11], recombination-center activation with increasing
carrier concentration [22], and ballistic electron trans-
port [12, 13] have been considered in various studies.
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Furthermore, possible causes of the inversion of the
temperature dependence of the QE for high current
densities, associated with a change in coefficient B
with decreasing T due to a change in the density of
states in the valence band [20]. It should also be noted
that an increase in the QE with decreasing T can be
observed in the case of light-emitting-diode heating or
current crowding effects [20, 23], if the measurement
conditions or experimental sample configuration are
chosen incorrectly. A comprehensive analysis of the
possible causes of inversion of the temperature depen-
dence of the QE should be performed taking into
account particular experimental conditions and sam-
ple structures.

In this paper, we present the experimental results of
studying the temperature dependence of the QE in two
modes (PL and EL). The dependences of the QE on
and T are analyzed using one of the possible models,
i.e., the ballistic carrier overflow model. This model
was proposed previously and used to explain the com-
plex shape of the current—voltage (/—V) characteris-
tics of InGaN/GaN MQW light-emitting diodes [13].

2. EXPERIMENTAL

A commercial blue light-emitting-diode structure
grown by metal-organic chemical vapor deposition on
a profiled Al,O; (0001) substrate was used in the
experiment. The density of threading dislocations,
determined by etch pits, did not exceed 108 cm~2. The
total thickness of the active region of the structures
was ~200 nm and included a buffer layer, multiple
quantum wells, and a p-Al, sGaygsN barrier layer
30 nm thick. The period of n-In,;sGajssN/GaN
MQWs was ~17.5 nm; according to photoconductivity
measurements, under resonant excitation (405 nm)
the active region contains a total of 7 QWs. The p-layer
thickness determined by atomic emission spectros-
copy was ~280 nm. These structures were used to fab-
ricate light-emitting diodes by planar technology with
interdigital Ni/Au ohmic contacts (the contact resis-
tance measured by the transmission line method
(TLM) did not exceed 1072 Q cm?). The light-emit-
ting-diode area was 1 mm?.

The dependences of the external quantum effi-
ciency on the flowing current density (for EL) and
excitation intensities (for PL) were measured in the
experiment in a wide temperature range (7 = 10—
300 K). The maximum quantity efficiency taken as
unity was observed at the lowest temperatures.

A cryogenic system based on a Janis CCS-300S/204
HT cryostat was used in the study. For a current den-
sity of j < 3 A/cm?, measurements were performed
under steady-state conditions using a Keithley 2636
source meter. In the pulsed mode, measurements were
performed to j = 200 A/cm? at frequencies of 50 and
100 Hz (duration is 0.04 x 10~3 s) using a LeCroy104Xs
oscilloscope. The QE was studied in the PL mode
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using an YAG laser with an average power of 22.4 X
10—3 W (duration is 10 ns, frequency is 0.2—1 kHz, and
wavelength is 355 nm). The intensity of the focused
excitation radiation was varied using glass attenuators
with an ITO (indium—tin oxide) coating. The lumi-
nescence spectra and total radiation intensity were
measured using a calibrated silicon photodetector and
a USB 2000 (Ocean Optics) fiber-optic spectrometer.

The light-emitting-diode overheating was excluded
by a high duty ratio of measurements in the pulsed
mode and the use of a bulk copper holder of the light-
emitting-diode crystal (~15 X 10 X 2 mm in size)
which was pressed by a screw to a cold cryostat
finger. The lack of overheating was judged by the
short-wavelength luminescence shift characteristic
of InGaN/GaN structures [1]. The absence of the
current crowding effect was judged by the shape of the
forward /—V characteristic in which a sharp increase in
the current with increasing voltage is observed for the
“efficiency droop” region [12, 13]. It was believed that
current crowding should lead to the reverse effect, i.e.,
an increase in the sample resistance.

3. EXPERIMENTAL RESULTS

The experimental temperature dependences of the
QE 1, measured under various conditions are shown
in Fig. 1. At low excitation intensities in the PL mode,
a decrease in the quantum efficiency with 7T is
observed, which is consistent with the results of other
studies [1—3]. In this case, the temperature depen-
dence of the QE is caused by the temperature depen-
dence of the radiative and Shockley—Read recombi-
nation lifetimes. Within the ABC model, the quantum
efficiency for this low excitation level is defined by the
ratio of nonradiative- and radiative-recombination
coefficients.

It follows from Fig. 1 that a slight temperature
dependence of the quantum efficiency is observed for
the PL mode at high excitation levels. A similar result
was obtained previously in some studies for the PL and
EL modes [1, 3, 15]. If we take into account that the
decrease in the quantum efficiency, observed in this
region, is associated with the Auger process, this
points to the slight dependence of Con T.

The results of studying the quantum efficiency in
the EL mode is also in qualitative agreement with the
results of many studies [§—14]. In the low current den-
sity region, a temperature increase results in a decrease
in the QE, which can also be caused by the ratio of the
coefficients A and B. In the high current density
region, strong inversion of the temperature depen-
dence of the QE takes place; as T increases, the quan-
tum efficiency increases by more than an order of
magnitude.

It should be noted that the inversion of the tem-
perature dependence of the quantum efficiency for the
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EL mode is not always observed in the experiments
[20]. For example, a decrease in the QE with increas-
ing temperature at a high current density was observed
in [15, 16], which is analogous to the PL mode in the
case at hand. A possible explanation for this disagree-
ment is given at the end of the following section within
the presented ballistic-overflow model.

4. RESULTS AND DISCUSSION
4.1. Low-Temperature Loss

The qualitative difference of the temperature
dependence of the QE in the high injection level
region for two modes suggests that an additional loss
mechanism (additional to the loss associated with
Auger recombination) appears in the EL mode at low
temperatures. In this case, the losses under consider-
ation cannot be related to the temperature dependence
of the recombination coefficients [20] or the activation
of recombination centers with shorter lifetimes with
increasing carrier concentration [22] (this is indicated
by a comparison of the results of measurements of
quantum efficiencies during PL and EL). The most
obvious process responsible for losses is carrier leakage
from the active region at high current densities. In this
case, the leakage of electrons to the p-type region is
most probable, since they have a smaller effective mass
and relatively uniformly populate all quantum wells
[24, 25]. Holes are mostly localized in the region of the
first QWs (on the p-type layer side). This is especially
true for low temperatures, when hole injection from
localized acceptor states takes place [12, 26].

The application of concepts of a quasi-equilibrium
system state, underlying the diffusion-drift model of
charge transfer in structures with InGaN/GaN QWs
[27, 28], does not allow explanation of the inversion of
the temperature dependence of the QE due to leakage.
This is mainly due to an exponential decrease in the
probability of the thermal escape of electrons from
quantum wells with decreasing temperature. This is
indirectly confirmed by the results of [29] in which the
compositional inhomogeneity of InGaN layers was
considered in the three-dimensional simulation of
carrier transport in the diffusion-drift approximation.
It was shown that this model is valid for close-to-room
temperatures; in the low-temperature region, the cal-
culated and experimental data disagree.

In our opinion, electron tunneling to the p-type
region over defect states from the active region or bal-
listic electron transport over QWs should be consid-
ered among the possible low-temperature leakage
mechanisms. In the present paper, we consider the lat-
ter mechanism. Nevertheless, we also did not find any
published data on simulation of the temperature inver-
sion of the QE taking into account tunneling leakage.

Ballistic transport is characterized by the carrier
relaxation time; the most probable mechanism of
energy dissipation in GaN is the interaction with opti-
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Fig. 1. Temperature dependence of the quantum effi-
ciency 1M of the InGaN/GaN MQW light-emitting diode
upon photo- (PL) and electroluminescence (EL) for vari-
ous excitation levels.

cal phonons [23]. In the case of elastic dissipation, the
relaxation time, as the electron mean free path,
increases with decreasing temperature [30], which
should lead to an increase in the ballistic overflow. At
the same time, it is known that the MQW-region resis-
tance increases with decreasing temperature [31, 32].
Then the voltage drop at the MQW region will also
increase with decreasing 7 for identical current densi-
ties. As a result, the potential energy of electrons
injected from the n-type region should increase due to
the voltage applied to the MQW region.

4.2. Model Description

To calculate the dependences of the QE onjand 7,
we use the previously proposed phenomenological
model [13]. In this model, the MQW region is divided
into two parts: the space-charge-limited current
(SCLC) region and the space-charge region (SCR) of
the electron—hole transition. To describe the model,
Fig. 2 schematically shows the energy diagram of the
active region of a light-emitting diode with 7 QWs (a)
at equilibrium and (b) under forward bias V. It is
assumed that a temperature decrease leads to an
increase in the role of the tunneling MQW conduc-
tance component, when carriers from one quantum
well transfer to another via hopping transport (defect-
assisted tunneling). Due to the density-of-states tail
existing in the band gap of GaN barriers, charge is
mostly transferred to some transport level whose posi-
tion depends on temperature. The charge-transfer
model previously proposed for amorphous semicon-
ductors is adopted in this sense [33]. It is also taken
into account that the localized states of quantum wells
can manifest themselves as shallow electron traps. We
previously showed that the application of this
approach allows the description of experimental /—V
characteristics in the low-temperature region to the
threshold current density corresponding to the begin-
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Fig. 2. Energy diagram of the InGaN/GaN MQW light-
emitting diode (a) at equilibrium and (b) under forward
bias V. E. and E, are the conduction- and valence-band
edges, F'is the Fermi level, £, and Fp are the quasi-Fermi

levels for electrons and holes.

ning of the QE droop region [13]. In this case, the
space-charge-limited current density trapped at shal-
low traps obeys the expression [13]

J, = MM Vseres (1)

where V¢, ¢ is the voltage at the charge-accumulation
region in the MQWs and r(7) is the empirical coeffi-
cient determined from the experimental /—} charac-
teristics.

Here it should be specified that the current limiting
mechanism in the MQW region can be of a different
nature. Nevertheless, empirical formula (1) remains
valid and can be used in simulation.

Upon achieving a forward voltage at the light-emit-
ting diode, electrons injected from the n-type region
gain the additional energy E,, which results in an
increase in the ballistic-conductance component over
the entire MQW region (Fig. 2b). The ballistic-over-
flow current density is calculated according to the fol-
lowing expression [13]

ot B W
JsVy) =e { f(E, T)N(E, T)exp{ B el TJ

X v(E +eV,, T)dE, (2)
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where e is the elementary charge, V, = E,/e, W'is the
light-emitting diode active-region thickness, E is the
electron energy relative to the conduction-band bot-
tom, fisthe Fermi—Dirac function, N is the density of
quantum states in the conduction band, v is the elec-
tron velocity, and T, is the relaxation time for elec-
trons.

To take into account the different recombination
mechanisms, the recombination current density j; is
calculated by the expression

2kT

3eV V
+ Cn exp 2 pon + Bn’ exp L on ,
2kT 2kT

where d is the quantum-well width (it is assumed that
carrier recombination occurs only in the first quantum
well from the p-region side at low temperatures
[12, 13]), n; is the intrinsic carrier concentration, and
V,_, is the voltage applied to the space-charge region

P
of the electron—hole transition.

. . ) ev, .,
]R(Vp—n) = Jnrad + Jrad = ed |:Ani eXp (—pj
(3)

Analytical expression (3) is simplified and was
obtained from the general definition of the recombi-
nation current without regard to the diffusion-drift
redistribution of carriers within the active region (the
current is limited only by recombination in one QW).
The scheme of deriving the recombination current
density for linear and quadratic cases is given in [34];
similarly, the dependence of the recombination cur-
rentj =j(V,_,) for cubic recombination is derived. The
use of expression (3) allows the conclusions of the
ABC model to be taken into account in calculating the
dependences of QE onjand 7.

Thus, the model under consideration is based on
solution of the system of equations (1)—(3) for the
equivalent circuit of the active region of the light-
emitting diode, shown in Fig. 3. The dependences of
the QE onj and 7'is simulated using the expression

n(.]) = jrad /jtotal H (4)

where j,.; is the total current density over the entire
structure, being the sum of expressions (1) and (2).
The MQW voltage is calculated according to the
expression V= Vsc s+ V, .

4.3. Simulation Results

The described model contains many unknown
parameters, mainly A, B, C, and T,.. These parameters
should depend on temperature and be controlled to
some extent by the configuration and fabrication tech-
nology of the experimental samples. Measurements of
their temperature dependences is difficult; therefore,
at this stage of the study, only a qualitative analysis
using published data on A, B, C, and T, seems pos-
sible.
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Jnrad

Fig. 3. Equivalent circuit of the active region of the
InGaN/GaN MQW light-emitting diode, used in the sim-
ulation.

The following parameters were used in the calculation
as temperature-independent ones: C = 10~ cm®/s [19],
T, =9 x 1075 s [23], d = 2 nm, and W = 100 nm.
Although the Auger-recombination coefficient should
increase with temperature due to an increase in the
thermal velocity of carriers, according to experimental
data, the dependence C(7) is weak, which was men-
tioned in section 3. At the same time, the parameter T,
can increase with decreasing temperature [30]. Never-
theless, the use of accurate dependences of C and T,
on T should not affect the qualitative shape of the
dependence of the quantum efficiency on T'and j, and
an increase in T, with decreasing 7 should enhance
the electron leakage process at low temperatures.

The parameters depending on 7 are listed in the
table. The values of #(7T) were obtained by approximat-
ing the experimental /—V characteristic of the light-
emitting diode, taking into account expression (1) by
the technique described in [13, 32]. The values of the
coefficients A and B for room temperature were taken
from [19]. The temperature dependences of the
recombination coefficients were chosen from general
concepts that the lifetime relative to nonradiative
recombination increases with decreasing temperature,
while the lifetime relative to radiative recombination
decreases [21]. The order of magnitude of changes in
A and B with decreasing temperature was chosen
according to the data of [22], which made it possible to
achieve qualitative agreement between the calculated
and experimental dependences 1( 7, /) for the region of
low current densities.

1.0
0.8
MNmax
0.6 s
= ol nmax
0.4
~4 My
0.2
0 et
10~ 10*

Fig. 4. Dependences of the quantum efficiency of elec-
troluminescence of the InGaN/GaN MQW light-emitting
diode, calculated for various temperatures (the radiation-
emission coefficient was set to unity).

The simulation results are shown in Figs. 4 and 5.
It follows from Fig. 4 that the temperature increase
results in a shift of the dependence 1(j) to high current
densities, which is in qualitative agreement with differ-
ent experimental data [8, 9, 11—14]. As a result, inver-
sion of the temperature dependence of the quantum
efficiency appears in the region of high current densi-
ties (Fig. 5).

As shown in Fig. 4, the dependence of the QE on
in the efficiency droop region qualitatively changes as
T increases from 220 to 300 K. At low temperatures
(T'<£220 K), the QE sharply decreases with increasing
J due to an increase in the ballistic overflow or, what is
the same, an increase in the ratio j,/jz. At high tem-
peratures (7' = 300 K), the QE droop region can be
divided into two parts. The first one corresponds to a
relatively slight decrease in the QE with increasing j
(interval 1, <M < N Shown in Fig. 4). An analysis of
the model shows that this range is associated with the
effect of the Auger-recombination process. The sec-
ond part is characterized by a sharp decrease in the QE
(interval 0 < <m,; shown in Fig. 4). In this case, the
nature of the QE decrease is the same as at 7< 220 K.

Thus, it follows from the simulation results that
Auger recombination has the greatest effect on the QE
droop with increasing j for close-to-room tempera-
tures (and above). At lower temperatures, the ballistic
electron overflow to the p-type region has the most
significant effect on the QE droop.

Parameters used in simulation of the dependence of the quantum efficiency on 7'and j

Temperature, K 80 160 220 300 360
A, s7! 0.3 x 10° 2 % 10° 8 x 10° 1.5 x 107 2 x 107
B, cm3s™! 5% 10710 2 x 10710 4 x 1071 1.5 x 1071 1 x 101
r, B/A12 106 64 5 1.5 0.5
SEMICONDUCTORS Vol. 51 No. 2 2017
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Fig. 5. Calculated temperature dependence of the quan-
tum efficiency of electroluminescence of the InGaN/GaN
MQW light-emitting diode for the current density j =

10 A/cmz.

Additional calculations showed that the role of bal-
listic overflow decreases with decreasing voltage drop
at the MQW region. Formally, this means that the
lower parameter r, the higher the values of j corre-
sponding to the beginning of ballistic overflow. In the
limit, at » = 0, the described model completely trans-
forms to the ABC model, when the inversion of the
temperature dependence of the QE in the region of
high j is lacking. In this case, no current limitations
are observed in the [/—V characteristic, except for
ohmic losses on the series resistance of contacts and
passive regions of the light-emitting diode. From this
standpoint, the explanation of the results of many
studies in which the experimental dependences n(7, )
are described by the ABC model becomes clear. It is
possible that the ABC model is applicable to light-
emitting diodes whose active region contains a small
number of QWs, a superlattice (a set of QWs separated
by thin barriers) or do not contain additional buffer
layers from the n-type layer side, which lead to current
limitation at low temperatures. In such light-emitting
diodes, the active-region resistance is low due to the
uniform spreading of holes and electrons over all
structure layers. However, an analysis from this stand-
point is complicated for already published data. This is
because most studies were performed previously on
commercial light-emitting diodes [8, 9, 11, 15, 16],
whose active-region structure features are not
described in detail.

5. CONCLUSIONS

Various cases of experimental observations of
inversion of the temperature dependence of the quan-
tum efficiency in the photo- and electroluminescence
modes were considered. Of most practical interest is
the electroluminescence mode in the region of high
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current densities (j > 1—10 A/cm?). It was shown that
inversion of the temperature dependence of the quan-
tum efficiency can be observed at high current densi-
ties, when the quantum efficiency sharply increases
with temperature. To explain this effect, the ballistic-
overflow model was used, which takes into account an
increase in the resistance of the region of multiple
quantum wells with decreasing temperature. An anal-
ysis of the simulation results showed that the decrease
in the quantum efficiency in the low-temperature
region is caused by ballistic electron overflow to the p-
type region, while the decrease at temperatures above
room temperature is also associated with Auger
recombination. Therefore, the quantum efficiency
increases with temperature at 7' < 220—300 K. The
model under consideration allows qualitative explana-
tion of the experimental results, and its basic assump-
tions can be used when constructing a more rigorous
theory of carrier transport in structures with multiple
InGaN/GaN quantum wells.
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