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It is observed that the radiative recombination rate in InGaN-based light-emitting diode decreases with lattice temper-
ature increasing. The effect of lattice temperature on the radiative recombination rate tends to be stable at high injection.
Thus, there should be an upper limit for the radiative recombination rate in the quantum well with the carrier concentration
increasing, even under the same lattice temperature. A modified and easily used ABC-model is proposed. It describes that
the slope of the radiative recombination rate gradually decreases to zero, and further reaches a negative value in a small
range of lattice temperature increasing. These provide a new insight into understanding the dependence of the radiative
recombination rate on lattice temperature and carrier concentration in InGaN-based light-emitting diode.
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1. Introduction

InGaN-based light-emitting diodes (LEDs) play an im-
portant role in visible lighting applications and have a very
broad potential. However, InGaN-based LEDs exhibit that
its emitting efficiency decreases significantly with current in-
creasing when operating at high injections. In order to void
the low luminous efficiency at high current densities, a large
area of InGaN-based LED is required at a low operated cur-
rent density in order to keep the same luminous flux demand.
This leads the illumination cost to increase. In order to reduce
cost and make full use of device feature, it is necessary to un-
derstand the carrier recombination mechanism. However, the
mechanism for reducing the light efficiency of InGaN-based
LEDs has become a complicated issue for a long time.

In general, the main carrier recombination processes in-
clude the Shockley—Read—Hall (SRH) nonradiative recombi-
nation, trap-assisted Auger recombination, intrinsic Auger re-
combination, and bimolecular radiative recombination. There-
fore, radiative internal quantum efficiency (IQE) and recombi-
nation current are, respectively, expressed as

n; :/RRADdV//(RSRH + R1aa +Ravc +Rrap) dV, (1)
I= 6]/ (Rsru + R1aa + Raug + Rrap) dV, ()

where g is the elementary charge, V is the volume of LED,
Rsru, Rtaa, Raug, and Rrap are the SRH nonradiative re-
combination rate, the trap-assisted Auger recombination rate,
the intrinsic Auger recombination rate, and the bimolecular
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radiative recombination rate, respectively. The SRH non-
radiative recombination rate!’:?! and the trap-assisted Auger
recombination rate!>*! are given by

RsrH + R1an
= (np—n%) {tp(n+n1)/ [1 +kp (n—i—p)rp]
+o (p+p1)/ 1 +ka(n+p) ]}, 3)

where n and p are the electron and hole concentrations, n; is
the intrinsic carrier concentration, T, and 7, are the electron
and hole carrier lifetimes, n; and p; are the electron and hole
concentrations when the quasi-Fermi energy is equal to the
trap energy, and k;, and k, are the trap-assisted Auger recom-
bination coefficients for electrons and holes, respectively. The
intrinsic Auger recombination rate®~7! is expressed as

Raug = (Can+GCpp) (np—1n?), 4)

where C, and C, are the intrinsic Auger recombination coef-
ficients for electrons and holes, respectively. The bimolecular
radiative recombination rate reads

Rrap =B (np—n}), Q)

where B is the bimolecular radiative recombination coefficient.
When the carrier recombination mainly occurs in the multi-
quantum wells (MQWs), one can obtain the following simple
equations with n = p and ignoring n?, the famous ABC-model:

N = Bn/ (A+Bn+Cn*+kAn?), (6)
I =qVg (An+ Bn* +Cn® + kAn?) , @)
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where A, B, C, k, and Vg are the coefficients for the SRH
nonradiative recombination, the bimolecular radiative recom-
bination, the intrinsic Auger recombination, the trap-assisted
Auger recombination, and the effective recombination volume
of MQWs, respectively. Therefore, the total radiative recom-
bination rate per unit area of a planar LED can be expressed
as follows:

R = Bn®Vi/Sk, (8)

where Sg is the effective injected area which can also be re-
garded as the effective light emission area of the LED. In the
actual experiment testing, the IQE and the total radiative re-
combination rate per unit area are obtained, respectively, as
follows:

ni= qlavep/nehch 9
R= )Lavep/rlehCSEa (10)

where 7 is the light extraction efficiency, Auye is the average
wavelength, P is the light outputting power, / is the Planck
constant, and c is the light speed. Since the light extraction
efficiency cannot be directly obtained, it is usually taken to
be the maximum external quantum efficiency at low lattice
temperatures. ®° Thus, by using the ABC-model, physics and
experiment are linked to each other through the efficiency and
radiative recombination rate.

However, the reality is that this common ABC-model is
often difficult to match with experiments at high current den-
sities. This is attributed to the real IQE-droop in InGaN-based
LED, which, at high injection, is more serious than that in the
modelled LED. The IQE-droop can be understood from two
main respects: the increased proportion of the Auger recom-

bination rate10-

121 and the increased proportion of the carrier
overflow.!13-131 Since the carrier overflow is usually accompa-
nied with an emission whose wavelength is shorter than that of
MQWs, [13:14.16-181 jt can be considered that the IQE-droop is
due mainly to the Auger recombination when the short wave-
length emission is not observed. The increased proportion of
the Auger recombination rate is usually due to the reduced ef-

19,20

fective recombination volume decreasing!!*?! and the radia-

tive recombination coefficient declining.[>!-23]

In real InGaN-based thin-film LEDs, the effective recom-
bination volume is mainly limited by the effective light emis-
sion area and the number of dominant lighting QWs. Gener-
ally, for a good-quality InGaN-based LED, the effective light
emission area is quite stable at high current densities. There-
fore, the change in the number of effective active QWs will
lead to a cliff-like decrease in radiative recombination rate.
Thus, it is doubtful that the main cause of the IQE-droop at
high injections is the decreasing of effective recombination
volume. And then, some scholars believe that the main rea-
son for IQE-droop is the phase-space filling effect!'>??! or the

Coulomb-enhanced scattering,?!?* which reduces the prob-
ability of radiative recombination (i.e., the radiative recom-
bination coefficient). The mathematical model of the radia-
tive recombination coefficient is still in controversy. Many

21.22.25.26] pelieved that the radiative recombina-

researchers!
tion coefficient as a function of carrier concentration should

be written as
B=Bo/[1+(n/N.)], (i

where By is the radiative recombination coefficient in the limit
of low carrier concentration, N, is the effective density of state
in QW, and x is a fitting parameter about 1. Due to the ex-
istence of the upper limit of the radiative recombination rate

[27-291 the model above can only

at very high current densities,
fit the experimental results at the current densities, which are
not very high. Furthermore, due to the increase in lattice tem-
perature, the enhanced extent of imbalance between the in-
crease of carriers in k space and the decrease in carrier mo-
bility will cause the radiative recombination coefficient to de-
crease. Considering the lattice temperature factor, Shim et
al.'?1 gave the model of the radiative recombination coeffi-

cient as follows:
B=By®(T,n)/(1+n/N.)", (12)

where @ is a function relating to the wavevector space, T is
the lattice temperature, and y is a fitting parameter between 1
and 2. This model combines the two main factors of carrier
concentration and lattice temperature to correct the radiative
recombination coefficient. However, the model is complicated
and not easy to use.

If only the influence of carrier concentration on radiative
recombination is considered as the effect of the coefficient, one
result is that the fitting parameter is difficult to confirm directly
in experiment. The other result is that some experimental phe-
nomena are neglected. The radiative recombination coefficient
describes the radiative recombination rate at the given carrier
concentration. Therefore, our interest focuses on the behavior
of the radiative recombination rate under the carrier concen-
tration and lattice temperature at high injections to investigate
the luminescence mechanism in InGaN-based LEDs. And for
simplicity, we will not discuss the phase-space filling effect in
Auger recombination here.

2. Experiment and method

The experimental epi-structure growth on 1.2 mm
% 1.2 mm patterned 2-inch (1 inch=2.54 cm) Si(111) substrate
was performed in a Thomas Swan closed-coupled showerhead
metal-organic chemical vapor deposition reactor. Ammo-
nia, trimethylgallium, triethylgallium, trimethylindium, and
trimethylaluminum were used as precursors, hydrogen and ni-
trogen were used as carrier gas. The method of fabricating
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InGaN-based LEDs on a Si(111) substrate has been detailed
in Refs. [30] and [31]. As shown in Fig. 1, under the 2-pum-
thick n-GaN(0001) layer, the 32 periods of InGaN/GaN su-
perlattices (SLs) served as a pre-layer which was composed
of periods of alternating 5-nm In,Ga;_,N wells with x ~ 0.06
and 1-nm GaN barriers, five green MQWs which were com-
posed of periods of alternating 2.8-nm In,Ga;_,N wells with
x~0.22 and 12-nm GaN barriers, a 15-nm-thick p-Al,Ga;_ N
with x ~ 0.2, and a 150-nm-thick p-GaN. The test system con-
tained a temperature controlling unit (K2000, MMR Technolo-
gies, Inc., United States), a spectrometer (CAS140CT, Instru-
ment Systems, Germany) equipped with an integrating sphere
(ISP250-211, Instrument Systems, Germany), and a direct
current (DC) power supply (Keithley 2635, Keithley, United
States). Since the lattice temperature is difficult to measure
accurately, the pulse current mode was used to drive the LED
so that the environment temperature can approach to the lat-
tice temperature. To simplify this problem, we consider the

environment temperature here as the lattice temperature.

light emission face

metal electrode
n-GaN

S

InGaN/GaN SLs
MQWs

p-AlGaN
p-GaN

metal electrode

Fig. 1. The schematic diagram of InGaN-based green light-emitting diode
grown on Si(111) substrate by metal-organic chemical vapor deposition.
As electrode can absorb a large amount of visible light emitted from ac-
tive region, reflective mirror is often placed between p-GaN and electrode to
enhance light extraction efficiency.

3. Results and discussion

Figures 2(a)-2(e) display the electroluminescence spectra
of the InGaN-based green LED under 100 K, 150 K, 250 K,
300 K, and 350 K, respectively.
spectrum contains only one emission peak whose wavelength

It is observed that each

ranges from 530 nm to 570 nm. Therefore, within this test
range, the overflow of carriers from the MQWs can be ignored.
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Fig. 2. Experimental electroluminescence spectra of InGaN-based light-emitting diode with different current densities at different lattice temperatures:
(a) 100 K, (b) 150 K, (c) 250 K, (d) 300 K, and (e) 350 K, and (f) dependence of the experimental radiative recombination rate R on lattice temperature at
different current densities, where lines 1-11 correspond to current density of 0.8 A-em 2, 1.5A-cm2,3.1 A-cm2,5.7 A-cm ™2, 10.3 A-cm 2, 15.4 A-cm™2,
20.6 A-cm™2,26.7 A-cm~2,36.0 A-cm™2, 51.4 A-cm~2, and 77.1 A-cm™2, respectively.

According to Eq. (10), the total radiative recombination
rates per unit area can be obtained at different current densities
and lattice temperatures. Figure 2(f) displays the total radia-
tive recombination rates per unit area at different lattice tem-
peratures and current densities. Due to the increase in lattice

temperature, the increased SRH non-radiative recombination
coefficient would lead to a reduced carrier concentration, un-
der the same current density. However, it is found that the gra-
dient of natural logarithm of the total radiative recombination
rate per unit area at lattice temperature approaches to a con-
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stant as current density increases. This means that the gradient
is almost linear, independent of the carrier concentration and
close to dInR/JT at high injections. It is worth noting that the
effective recombination volume is determined by the effective
recombination length of QW, the number of effective active
QWs, and the in-plane distribution of current. First, the effec-
tive recombination length of QW increases with current den-
sity increasing due to the charge screen of quantum-confined
Stark effect,3?) and then turns close to the thickness of QW
at high current density. Second, the number of effective active
QWs decreases with current density increasing due to the un-
balance between electron and hole transport, and then the QW's
accumulate near p-side at high current density.>3-**! Third, the
in-plane distribution of current fluctuations at low current den-
sity tends to be stable at high current density. Therefore, the
large fluctuations in gradient at low current densities is main
attributed to the fluctuations in effective recombination vol-
ume with lattice temperature at low current densities, and the
effective recombination volume can be considered to be close
to the volume of QW at high current densities. Thus, at high
injections, the fluctuation in gradient can be given as follows:

BVg /Sg o< exp (uT), (13)
and after normalization, we have
B < exp(—oT), (14)

where 1 and o are the constants for fitting.

It should be noted that the radiative recombination rate
does not increase forever, which is a common sense. The
specific behavior is that the radiative recombination rate will
reach a maximum value with the current density increasing
when the current density is extremely high.?’-2° This seems
to be attributed only to the decrease in the radiative recom-
bination coefficient, caused by increasing the lattice temper-
ature when heat dissipation is poor. However, for Eq. (11),
the radiative recombination rate is allowed to increase quickly
with carrier concentration rising. The lattice temperature of
the MQWs needs increasing rapidly to a very high level (more
than 1000 K) as the current density increases to satisfy the up-
per limit of the radiative recombination rate. It is hard to be-
lieve that the materials can withstand such a high lattice tem-
perature. Therefore, with the carrier concentration increasing,
the radiative recombination rate will reach a constant, even
the lattice temperature need not increase. It can explain that
the slope of the radiative recombination rate will gradually de-
crease to zero, and then show a negative value in a small range
of increased lattice temperature. Equation (12) is also consis-
tent with the above discussion, but slightly many parameters
need fitting. Since the power y is considered to be related to
carrier concentration, it may make the things difficult to quan-
tify. All parameters in Eqgs. (11) and (12) should be the basic

properties of the material, so the powers should be fixed at 2.
Here we use the form of Eq. (11). Therefore, at high injec-
tions, the radiative recombination rate should be

Rrap o< n*/[1+(n/N.)*]. (15)

Combining with Eq. (14), the radiative recombination coeffi-
cient at high injections should be expressed as follows:

B =Boexp(—oT)/[1+ (n/N.)*], (16)

where By is the radiative recombination coefficient in the limit
of low carrier concentration and low lattice temperature. Fig-
ure 3 clearly describes the dependence of the radiative recom-
bination rate on carrier concentration and lattice temperature.
When the carrier concentration is high enough, the suppressed
effect from the increase in lattice temperature begins to appear
(see the grey area in Fig. 3).
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Fig. 3. Dependence of radiative recombination rate on logarithmic carrier
concentration (blue line) and lattice temperature (red line), with grey area
representing carrier concentration range when radiative recombination rate
is mainly influenced by lattice temperature.

The new modified ABC-model is used, including Eqs. (6),
(7), and (16), to fit the experimental behaviors of IQE and ra-
diative recombination rate at different lattice temperatures and
current densities. Hereafter, we use Bg = 1.0 x 1070 cm3.s~ 1,
C=55x10"2 cmSs !, k=1.1 x 1073 cm®, N, = 4.9 x
108 ¢cm™3, and @ = 1.0 x 104, which are all fixed and
treated as being linearly independent of lattice temperature,
but only treat A as being dependent on lattice temperature
(listed in Table 1). All parameters of materials are in the
scopes of parameters reported in the literature.!!!:12-23.35-38]
The effective injected area is 0.97 mm?, and the effective re-
combination volume of MQWs at high injection is estimated
at 3.11 x 10~° cm?, which leads to a close match to the ex-
perimental data (see Fig. 4). It can be observed that the new
ABC-model is well suited for the experimental behaviors under
different lattice temperatures and current densities. According
to the new model, with the increase of lattice temperature, the
decrease of the radiative recombination rate should be divided
into two parts: one is the decrease of the carrier concentra-
tion, caused by the increase of SRH recombination coefficient
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at low current densities and the other is the decrease of radia-
tive recombination coefficient, caused by the increase of lattice
temperature at high current densities. Therefore, the best way
to improve the luminescence efficiency and radiative recom-
bination rate of InGaN-based LEDs at high current densities
is to increase the effective recombination volume, rather than
simply to improve the quality of MQWs.

Table 1. Fitted values of A at different lattice temperatures,
extracted from modeled results of Fig. 4.

T/K Afs7!
100 2.0x 10*
150 1.6 x 106
250 1.4 %107
300 2.1 % 107
350 3.5 % 107
(a) 0100 K —100 K

2150 K —150 K
0250 K —250 K
0300 K —300 K
0350 K —350 K

100¢-
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(b) 0100 K —100 K
0150 K —150 K
0250 K —250 K

2 ©300 K —300 K

0350 K —350 K

R/10?° cm=2-s~1
=

0& | | | |
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Current denisty/A-cm™2

Fig. 4. Comparison between experimental and simulation results by us-
ing new ABC-model, showing (a) plots of internal quantum efficiency
versus logarithmic current density and (b) plots of radiative recombi-
nation rate versus current density, with circles denoting experiment re-
sults, and lines referring to modelled results, for varying values of T’
and A and fixed values of By, C, k, N, and @.

In addition, we believe that the model is also suitable for
low injection conditions once the effective recombination vol-
ume can be estimated under low injection. Since the effec-
tive recombination volume fluctuates easily under small injec-

tions, the difference between the model with constant effec-
tive recombination volume and the experiment result will be
increased.

4. Conclusions

In this work, it is observed that the gradient of logarithm
of radiative recombination rate with lattice temperature tends
to be stable at high injections. There should be an upper limit
of the radiative recombination rate with the increase of carrier
concentration in the MQW. Then, a simple modified and eas-
ily used ABC-model is proposed. It describes that the radiative
recombination limited by lattice temperature in InGaN-based
LED should be divided into two parts: one is the decrease of
the carrier concentration, caused by the increase of SRH re-
combination at low injection and the other is the decrease of
radiative recombination coefficient, caused by the increase of
lattice temperature at high injection. These provide a new ref-
erence for understanding the radiative recombination mecha-
nism in InGaN-based LEDs.
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