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Abstract: We investigate temperature-dependent carrier transfer and efficiency droop
on AlGaN-based deep ultraviolet light-emitting diodes. The Shockley-Read-Hall (SRH)
recombination and carrier leakage are highly associated with the poor thermal stability.
The existence of Auger recombination and carrier leakage is identified by the m-power
method. A modified ABC model with an additional term f(n) related to carrier leakage is
employed to analyze the evolution of multiple recombination mechanisms. The SRH process
strongly suppresses both Auger recombination and carrier leakage at low currents. At high
currents, the latter two processes are responsible for the efficiency droop and exhibit an
anti-correlation upon temperature.

Index Terms: Deep ultraviolet light-emitting diodes, recombination mechanisms, efficiency
droop, ABC model.

1. Introduction

Deep ultraviolet light-emitting diodes (DUV LEDs), with emission wavelengths below 300 nm,
are commonly manufactured with AlGaN-based multiple quantum wells (MQWSs) [1]-[4]. High-
photon-energy emissions are propitious in various fields, such as water sterilization, biological
agent detection, covert communications, and solid state lighting [1], [5]-[7]. LEDs generally suffer
from current-droop (J-droop) and temperature-droop (7-droop) [8], [9]. The former one refers to
the reduction in external quantum efficiency (EQE) with increasing operating current, whereas
the latter one refers to the reduction of EQE with increasing operating temperature [8], [9]. The
T-droop originates from the high junction temperature, which affect the radiative and non-radiative
recombination processes in the active region and possibly result in the thermal escape of carriers.
Quantum barriers and electron-blocking layer (EBL) efficiently confine carriers into the active
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region, but a portion of energetic carriers can still leak from MQWs, in the forms of thermionic
overflow and/or defect-related tunneling courses, into p-doped layers where they conduct non-
radiative recombination with holes, due to the polarization mismatch between MQWs and EBL,
and high-defect structures [10], [11]. The mechanisms involved in efficiency droop in AlIGaN-based
DUV LEDs at high currents and/or high temperatures are still not clear. Experimental results
have revealed that multiple sources, e.g., extend dislocations, quantum confined Stark effect
(QCSE), carrier delocalization, Auger recombination, and carrier leakage, lead to the lower EQE
and severer efficiency droop in AlGaN-based DUV LEDs than those in InGaN-based visible LEDs
[10], [12]-{14]. In AlGaN-based DUV LEDs, the aluminum-rich EBL tends to prevent holes from
entering MQWs, leading to a poor hole-injection efficiency [12], whereas the high-energy carriers
are inclined to drift out of high-defect-density MQWs due to the insufficient restriction [15]. Although
having been frequently used to comprehensively investigate the mentioned issues, the ABC model
takes only into account the recombination inside MQWs [16], namely Shockley-Read-Hall (SRH)
non-radiative recombination, radiative recombination, and Auger recombination. The carrier leak-
age, which occurs outside MQWs, is neglected in the conventional ABC model. Thus, a modified
ABC + f(n) model, where f(n) is associated with the carrier leakage, proves a better precision than
the conventional one when fits to the experimental data [17]. Due to the widely reported leakage in
AlGaN-based DUV LEDs [15], [18], it is reasonable to introduce the leakage term f(n) for a more
detailed evaluation on the effect of carrier transfer and recombination.

In this work, we investigate the temperature dependence of carrier recombination mechanisms
of the AlGaN-based DUV LEDs. We attribute the decrease in the thermal stability to the SRH
recombination and carrier leakage. An m-power method is employed to distinguish recombination
mechanisms at different injection currents. Furthermore, we utilize a modified ABC + f(n) model to
extract coefficients of the SRH recombination, radiative recombination, Auger recombination, and
carrier leakage. Both current- and temperature-dependent contributions of different recombination
mechanisms are quantitatively analyzed. At low current levels, SRH recombination contributes to
the efficiency droop, whereas Auger recombination and carrier leakage exhibit an anti-correlation
at high current levels and together dominate the efficiency droop.

2. Experimental Details

The sapphire substrate lies in sequence the 2-um AIN buffer layer, 1-um undoped Al 5Gag 5N,
2-um Si-doped n-Aly.¢Gag 4N, six-period quantum structure of 3-nm Aly.52Gag.4sN well and 10-
nm Al ¢5Gag 35N barriers, EBL of a 10-nm Mg-doped p-Aly75Gag.osN layer, 50-nm p-doped
Aly.sGag.4N clad layer, and 100-nm Mg-doped p-GaN hole injection layer. The nominal peak
emission wavelength peaks at ~278 nm measured at 10 mA. The chip, 1 mm x 1 mm in size,
is flip-chip bonded onto the surface mounted device (SMD) type AIN lead frame, which is covered
by a quartz glass that serves as optical lens and protector. Finally, SMD packaged samples are
soldered onto hexagonal aluminum metal core printed circuit board.

During the measurement, the heat-sink temperature mounting the samples is controlled between
280 K and 340 K with the increment of 10 K by using a TEC temperature controller (LED-850,
Instrument Systems Corp., Germany). The EL data is collected in a 500-mm integrating sphere,
which is connected to a spectrometer (Spectro-320e, Instrument Systems, Corp., Germany). An
electric source meter (Keithley 2400, Keitheley Inc., USA) is used to drive samples at a series of
currents, which range from 0.5 to 350 mA. To minimize the effect of self-heating on chips, we set
the stop interval as 5 minutes before each measurement.

3. Results and Discussion

As temperature increases, the EQE decrease monotonically at the same forward current. However,
for the same temperature, the EQE first increases then decreases as the current increases. The de-
pendence of EQE on temperature and forward current is depicted in Fig. 1(a), which reveals a fact
that both the T-droop and J-droop present a severe extent at the high current injection. We therefore
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Fig. 1. (a) EQE as a function of forward current at different temperatures, (b) T-droop as a function of
temperature at different forward currents.
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Fig. 2. (a) T; as a function of forward current. Inset: Normalized LOP versus temperature and theoretical
fitting result at 0.5 mA, 60 mA, and 350 mA, respectively. (b) Plots of parameter m at 280 K and 340 K.
Inset: LOP as function of forward current at different temperatures.

deduce that the decrease in EQE is related to the concentration-rich and high-thermal-energy
carriers, which probably exacerbate the Auger recombination and the carrier leakage, because of
the thermal emission, large band offset caused by AlGaN barriers, and numerous defects in active
layers [19]. The T-droops respect to 280 K as a function of temperature are also showed in Fig. 1(b).
T-droop increases as the temperature increases from 280 K to 340 K. As the current increases from
0.5 mA to 60 mA, corresponding to the maximum EQE in Fig. 1(a), T-droop increases. The high
T-droop at low currents originates from SRH recombination, and the reduction of T-droop is due to
the radiative recombination gradually becomes dominant with increasing current [8]. Furthermore,
with increasing the current increases from 100 mA to 350 mA, Auger recombination and carrier
leakage become dominant and cause that the T-droop increases slightly.

Figure 2(a) depicts the current-dependent characteristic temperature (T.), which is derived from
the temperature dependence of the emission intensity [20]

L(T) = L(0) exp <—T1> . (1)

c

In Eq. (1), the L(T) and L(0) are the light output powers (LOPs) at operating temperature (T) and
the absolute temperature (0 K), respectively. Three fitting data are plotted in the inset of Fig. 2(a).
The T; is an indicator of thermal stability of temperature-tolerant devices, i.e., the small value of
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Fig. 3. (a) EQE versus carrier concentration and theoretical fitting at 280 K and 340 K, the solid curves
fitted by ABC + f(n) model and the dashed curves fitted by ABC model, (b) centroid wavelength of
emission spectra of AIGaN-based DUV LEDs at different temperature.

T. signifies the strong temperature dependence, whereas the large value of it means the weak
temperature dependence. Compared with the changing of EQE upon a series of injection currents
[Fig. 1], we find that a highly positive correlation exists between T, and EQE. T; is related to the
activation energy of non-radiative recombination centers and the energy required to overcome the
confining potentials [21], therefore, the larger T; could suppress the non-radiative recombination
and cause the relatively higher EQE.

Besides, temperature-dependent recombination mechanisms at different currents are extrapo-
lated by the m-power method [22] L = P x I™, where P denotes a constant, and / is the forward
current. The parameter m, derived from 0InL/dIn/, can qualitatively reflect the various recombi-
nation mechanisms of the DUV LED. The value of m approaches to 2 when SRH non-radiative
recombination becomes dominant, and reaches 1 at the current corresponding to the peak of
EQE, whereas varies from 1 to 2/3 when Auger recombination acts as the primary recombination
mechanism [23]. As shown in Fig. 2(b), m decreases from 1.36 to 0.64 at 280 K and from 1.43
to 0.56 at 340 K, respectively. The relative rapid decline of m with increasing current at 340 K
generates a cross point between curves of m as function of current for 280 K and 340 K. Meanwhile,
curves of LOP as a function of current at different temperatures are plotted in the inset of Fig. 2(b).

On the basis of the above description, we propose an interpretation that intends to elaborate
the relationship among EQE, T, and m. At low injection currents, both low T, and EQE can
be attributed to the intensified SRH non-radiative recombination provided by the temperature
sensibility of defect-related centers, which perform high m. However, at the current where EQE
reaches its maximum (~60 mA), SRH centers are saturated and thus the radiative recombination
rate achieves the peak, as a result of the elevated carrier interaction with radiative centers. When
the mdrops to 1, T, also approaches its peak. At higher injection currents where EQE droop occurs,
the non-radiative recombination increases, due to high-current-density processes other than SRH
recombination. The decrease of T; indicates that non-radiative processes induced by the high-
injection should be as temperature sensitive as SRH recombination is. We can reasonably deduce
that Auger recombination, as one type of temperature-dependent and non-radiative recombination
mechanism, gradually evolves into the dominant factor with the increasing current, accompanied
with the decreasing value of m below 1. Furthermore, considering that values of m below 2/3,
we conjecture that the carrier leakage out of the active region, a multi-carrier loss mechanism,
is brought into play as the current beyond 250 mA. The leakage may behaves a collection of
various forms of non-radiative procedure, including thermionic emission of carriers out of MQWs,
overflowing carriers not being captured by MQWSs, and defect-assisted carrier tunneling [19].

As shown in Fig. 3(b), the centroid wavelength of emission spectra increase with temperature due
to bandgap shrinking. As the forward current increases, the centroid wavelength exhibits blue-shift
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in low current region, originating from the coulomb screening of the quantum-confined Stark effect
(QCSE) in multiple quantum well [24], whereas the centroid wavelength become red-shift as the
current beyond 200 mA due to the self-heating generated by the carrier leakage.

The ABC model is frequently employed to quantitatively investigate the effects of carrier recom-
bination mechanisms, although it does not take the carrier leakage into account. However, the
above analysis states that the carrier leakage process exerts a significant influence on the EQE
droop, especially at high forward current. Therefore, we employ a modified ABC model with an
additive term f(n), which denotes the carrier leakage term in a power series with orders higher
than 3 to further investigate the carrier transfer in the active layer. The total recombination rate
can be described as R = An + Br? + Cn® + f(n), where A, B, and C denote coefficients of
SRH non-radiative recombination, radiative recombination, and Auger recombination, respectively.
According to the simplified method proposed by Schubert [25], we expand f(n) in the form of Taylor
series and only remain the fourth-order term Dn*. Similar methodology has been conducted by
Hahn’s group [26], and they obtained an excellent fitting result on the integrated intensity data
when the f(n) term was considered as D%, which also implies the primary process of carrier
leakage. Since the EQE is directly proportional to the internal quantum efficiency (IQE), namely
EQE = ninjnex:IQE, where n;,; and ney are the current injection efficiency and the light extraction
efficiency, respectively, the carrier concentration (n) can be obtained by the equation [27]

| EQE x|/
n=_[— - ——, 2
ninjnexthVQW @

where g and Vqw are the elementary charge and the volume of active region, respectively. Based
on previous reports [28]-{30], 7inj, next and B can be assumed to be ~50%, ~10%, and 2.1 x
10" cm3s~, respectively. The Vqw is calculated to be 7.8 x 1078 cmd3. The curves of EQE
versus n are fitted at 280 K and 340 K as instances by the ABC + f(n) model and ABC model,
respectively. As shown in Fig. 3(a), comparison of the fitted curves of the two theoretical models
with experimental data shows that there are larger deviation between the fitted curves of ABC
model and the experimental data, particularly at high forward current, and that the inclusion of the
f(n) term is necessary.

As the temperature rises from 280 K to 340 K, values of A fitted by ABC + f(n) model increase
from 2.60 x 10° to 3.97 x 108 s, indicating that the monomolecular SRH non-radiative recombi-
nation is enhanced with the increasing temperature. Whereas, for ABC model, the fitted values of A
increase from 2.38 x 106 to 3.52 x 108 s~'. Furthermore, for ABC + f(n) model, the coefficients C
of three-particle Auger recombination increase slightly from 1.41 x 1072° to 2.04 x 1072° cm®s~!
as the temperature rises from 280 K to 340 K, which root in the interband Auger processes, and
increase from 2.67 x 1072° t0 4.49 x 10-2° cm®s~" for ABC model. Therefore, without the f(n) term,
the fitted values of A are underestimated and C are overestimated. The fitted values of D increase
monotonically from 2.21 x 10747 to 4.75 x 10~4’ cm%s~', which are approximately two orders of
magnitude larger than the result published in a previous work [25], suggesting that drift-induced
carrier leakage actually causes a grievous reduction in EQEs.

According to the numerical values of A, B, C, and D, we further calculate recombination rates
of four types of mechanisms, namely An, Brn?, Cn®, and Dn*, respectively. At 280 K [Fig. 4(a)] and
340 K [Fig. 4(b)], the SRH recombination term (An) rapidly enhances by two orders of magnitude
from 102 to 10%* cm~3s~" at the current range of 0.5 ~ 60 mA, resulting a high fraction of 69~81%
out of the total recombination at low current of 10 mA [Fig. 4(c)]. However, the An term remains
a weak increase afterwards (60~350 mA), due to the saturation of non-radiative recombination
centers at high injection currents. In view of both small values of T, and EQE, and high values
of m (> 1) at low current levels [Figs.1 and 2], we further identify that the temperature-sensitive
and defect-related SRH recombination is associated with the poor thermal stability. In Fig. 4(d), the
fraction of the SRH recombination measured at the current of 350 mA is largely mitigated, as the An
acutely decreases to 12~17% with increasing temperature. The proportion of Br?, representing the
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radiative efficiency, experiences a decrease upon temperature at both 10 mA [Fig. 4(c)] and 350 mA
[Fig. 4(d)], This result is mainly due to the improvement of non-radiative processes at high-current
and high-temperature levels, especially for the Auger recombination and carrier leakage, as clearly
shown in insets of Figs. 4(a) and 4(b). Both contributions of Cn® and Dn* are intensified, but
they exhibit a remarkably inverse temperature dependence at high current levels [Fig. 4(d)]. This
drastic increase of Dn* indicates enhancement of carrier leakage, which is caused by high-energy
electrons escape from being captured by MQWSs, and most of electrons overflow outside the
active layer due to the weak confinement of potentials at the well/barrier interfaces. Since Auger
recombination is also related to the high-density and high-energy particles, the interplay among
multiple carriers accelerates the energetic ones spill-out of MQWSs. Therefore, as the tempera-
ture rises, the increase of coefficient C is attributed to the aggravated interaction of Auger-type
particles promoted by the high temperature, while the decrease in the fraction of Cn® is due to
the occurrence of Auger-induced leakage process. Besides, the severe defect-assisted emission,
manifesting as the elevation of Anterm under high-current and high-temperature conditions, also
results in electrons tunneling from MQWSs along structure defects such as dislocations, further
facilitating the carrier leakage from MQWs [31]. Consequently, both the Auger-induced process
and the defect-assisted tunneling contribute to the carrier leakage, enhancing the non-radiative
recombination and efficiency droop, particularly under the high forward current and the elevated
temperatures. Meanwhile, the contribution of carrier leakage degrades the thermal stability and
diminishes m, resulting in the decline of T, and EQE with the forward current increases.
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4. Conclusions

We analyze the temperature-dependent carrier recombination mechanisms of AlGaN-based DUV
LEDs. Crystal defects stem from the mismatch in the MQWSs, leading to the grievous SRH
non-radiative recombination and low EQE. Both SRH term and carrier leakage strongly influence
the thermal stability of EL. We suggest that Auger recombination and carrier leakage are mainly
emphasized in the high injection case by the m-power method. Besides, we estimate individual
recombination rates for SRH recombination, radiative recombination, Auger recombination, and
carrier leakage by the ABC + f(n) model. As the temperature rises, SRH recombination maintains
a large proportion of the total recombination rate at lower forward currents. The enhanced Auger
recombination and carrier leakage significantly affect the EQE droop when LEDs are subjected to
high currents and high temperatures. Furthermore, the high-energy Auger recombination process
assists the thermionic carrier leakage, which mainly includes carrier overflow from MQWs and
defect-related tunneling process. In AlGaN-based DUV LEDs, the carrier leakage acts as a more
important source for efficiency droop than in InGaN visible LEDs.
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