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We have applied simulations to study current theeaging and heat transfer in blue IlI-nitride light
emitting diodes (LEDs) with the focus on self-hegtand its effect on the device characteristiceoA-
ventional planar design of an LED die is considefiadthe heat sink through a sapphire substrate. Th
computations predict a great current crowding atdbntact electrode edges, resulting in a non-tmifo
temperature distribution over the die. The thereifdct on the current-voltage characteristic, otigpti-

cal power, and series resistance of the diodedl/aed and the theoretical predictions are compuaitd
available observations.
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1 Introduction Planar chip design with on-one-side and p-contact electrodes is commonly em-
ployed in most Ill-nitride LEDs. Such a chip configtion leads to a considerable current crowdiray ne
the electrode edges and, as a result, to in-planeuniformity of the electroluminescence intensity.
addition, the non-uniform current spreading overl &b die induces a local overheating of the device
heterostructure, lowering its internal quantumcédficy (IQE). Being recognized as an importantdiact
limiting the LED performance, the current crowdinglll-nitride light emitters was in the focus ofin
merous studies (see, e.g., [1] and referencesitheidowever, there is still lack of understandiofy
factors controlling the LED self-heating and its

effect on the device characteristics, including ~ semitransparent

current-voltage  (I-V) characteristic, output | __.ciode p — electrode

power, external and wall-plug efficiency (WPE), pad
series resistance of the diode, and emission spec-
tra.

This paper reports on a self-consistent model-
ing analysis of the current spreading and heat
transfer in blue LED dice. For this purpose, cou-
pled three-dimensional simulation is performed
based on the hybrid approach suggested in [1].

p — electrode
pad

. . . . n — contact
Fig.1 Schematic of the LED die. The thicknesses layer

of both pads are increased for clearness. etched

mesa
p — contact layer

2 Heterostructure and chip design  We con-

sider here a blue MQW LED heterostructure

similar to that studied in [2]. The Ga-faced stunet consists of a GaN:Si contact layenmh thick
([Si] = 4x10® cm®), a multiple-quantum-well (MQW) active region, 8 Bm A 1:Ga, sN:Mg stopper
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layer ([Mg] = 1.5x16° cm®), and a 0.5um GaN:Mg contact layer ([Mg] = 2x1bcm®). The active re-
gion contains four unintentionally doped {gGa sN quantum wells (QWs) 3 nm thick separated by 12
nm GaN:Si barriers. Every barrier is doped up &tgipical Si concentration of 2-5xf@m?,

A 190x250um?® LED die is shown schematically in Figl. The disida is similar to that reported in
[3]. There are am-electrode formed in the mesa etched in the LE[Rrbstructure, a semitransparent
p-electrode through which the light emission is lyagktracted, and p-electrode pad formed in a corner
of the die. The mesa depth is assumed to be ofufd.7The heat sink through a 3Qén sapphire sub-
strate is implied, which corresponds to the chigritial resistance of ~150 K/W. The temperature de-
pendence of both electron and hole density of statel carrier mobilities is accounted for in thawda-
tions, according to the data of [4]. We assume tllespecific contact resistances of thendp-contact
electrodes to be of Toand 10 Q-cn¥, respectively.
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Fig. 2 In-plane distributions and isolines of the cutr@ansity in A/cm (a) and temperature in K (b) in
the LED active region. The colour gradation froradid to white indicates a variable increase. The I-V
characteristic (c) and the optical output powasus the input electric power (d) of the LED. Gray line
in (c) and open circles in (d) are experimentahdairrowed from [2] and [3], respectively.

According to the hybrid approach suggested intfi§, operation of the LED heterostructure at differ
ent temperatures was simulated by the SiILENSe @c8ane [5] based on a 1D drift-diffusion approach
[6]. The results obtained were used to determigentin-linear resistance of then junction region and
then to perform 3D coupled simulations of the coirrgpreading and heat transfer in the LED die Iy th
SpeCLED 1.1 code [5]. In order to imitate the effetin composition fluctuations on IQE, the efieet
threading dislocation density was lowered in th&dN layers from 1bcni?, the value typical of het-
erostructures grown on mismatched sapphire substriat 18 crmi” (see [6] for detail).
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3 Resaults Fig.2a shows the in-plane current density distidyutn the active region of the LED cor-
responding to the current of 80 mA and forward agdt of 4.5 V. The current crowding next to thernte
electrode gap is clearly seen in the figure. Irt,flee current density at thgelectrode edge may be
about 2-3 orders of magnitude higher than in theerotegions. The current crowding produces remark-
able temperature non-uniformity in the die (Fig2ljch, in turn, affects the conductivity of thentact
layers. The maximum overheating is found to be 6 K2or this current.

Fig.2c compares the computed I-V characteristith wie experimental one reported in [2]. One can
see that the theoretical curve, accounting foidéhéce self-heating, fits well the measured charistic.
In contrast, the |-V curve ignoring thermal effept®dicts a noticeably higher series resistancthef
diode. This is primarily because of the neglectgllience of temperature on thecontact layer conduc-
tivity. The p-contact layer is found to provide a minor conttibo to the LED series resistance due to its
small thickness.

The optical output power of the LED computed oe #ssumption of the light extraction efficiency
from the die to be of 9%, is compared with the expental data of [3] in Fig.2d. It is seen that the-
ory reproduces well the sublinear output power ddpace on the input electric power. Actually, this
corresponds to the commonly observed WPE degradeifittn current. The detailed analysis of the car-
rier transport and recombination in the active sagif the LED heterostructure has shown two prigicip
reasons for the efficiency degradation: (i) redurctdf IQE caused by different temperature deperelenc
of the radiative and non-radiative recombinatiotesaand (ii) the carrier leakage from the activgiae
enhanced by the high current density and temperakig.2d demonstrates, in particular, a correfatio
between the output power degradation and compaexbdrature rise in the LED die. Therefore, the
current crowding combined with the local activeioegoverheating is a mechanism responsible for the
LED efficiency degradation at high currents. Thandusion is in line with the data reported in [7]
where improvement of thermal management in the @splted in a three-fold efficiency improvement.
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Fig. 3 External quantum efficiencyersus current (a) and the differential resistanessus forward volt-
age (b) computed for two types of LED die. Dotted aolid lines correspond to the rectangular dié an
the die shown in Fig.1, respectively. Gray linessgnt the computations performed, neglecting the th
mal effects.

In order to highlight the impact of the electrannfiguration on the LED characteristics, two diffe
ent chip designs have been compared. One is the adhisidered above (Fig.1) and another is the
350x350um? rectangular chip shown schematically in the ingé#t6ig.3 where the computed external
guantum efficiencies as a function of the curremt the differential resistances of the diodes ama-
tion of the forward voltage are plotted. In botlses, the same MQW heterostructure described above
and the light extraction efficiency of 9% were sbo for simulations.
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It is seen from Fig.3a that the external quanttfiniency is weakly dependent on the chip desigh bu
is rather controlled by properties of the LED hestiructure. The only difference arises at high-eutrr
operation where the heat removal from the actigiorebecomes essential. For both dice, the computed
differential resistance first drops down, then heca minimum, and then increases gradually wigh th
voltage applied. At a low voltage, tipen junction resistance provides the major contributio the dif-
ferential resistance of the diode. Thus the initiglistance drop is caused by a strong decredbe [irn
junction resistance with the forward voltage. Imitrast, the distributed series resistance of tloelei
attributed to the current spreading in tikeontact layer determines the differential resistaat a high
voltage. The computations performed with neglecthef heat transfer in the LED die do not exhibit a
gradual increase in the differential resistance gy line in Fig.3b). Hence, the resistance mseecan
be associated with thermal effects.

We would suggest the following mechanism of thieseresistance increase at high voltages/currents.
The local overheating of the device results inighslincrease of the contact layer conductivitytum,
this leads to redistribution of the current dengitpguch a way as to reduce the effective areadetur-
rent spread in the die (the current crowding becmere pronounced). As the resistance is in a sever
proportion to the spread area, the total resistafitiee diode eventually increases with the forweud
rent.

Fig.3b shows also that the series resistances®mf ED dice considered here differ significantlye-D
spite a larger area of the rectangular chip, itdaspproximately two times higher resistance tinwen
chip presented in Fig.1. The detailed analysisshasvn that this effect can be attributed to a langer-
electrode gap in the rectangular die. Indeed, tiithwof the gap nearly corresponds to an effective
length of the current spread region in the die. Tnger the length, the higher is the distributedes
resistance of the diode. Therefore, the width efititer-electrode gap is a crucial factor contngjlthe
series resistance of LEDs.

4 Summary Using simulations, we have analyzed the currergéaging and self-heating effects on
characteristics of blue LED dice. Self-heatingwadl as the chip design, is found to affect rembhka
the I-V characteristic of the diode. In particuldre series resistance of an LED is predicted ty wdth
current, exhibiting a minimum at a certain forwandtage. A crucial factor determining the seriesise
tance is the width of the inter-electrode gap tiaat be controlled by the die processing technolagy.
contrast, the LED external efficiency largely degieon the heterostructure properties, rather thathe
chip design. Self-heating of an LED is found toutes remarkable degradation of its external eincy
under high-current operation conditions, i. e. sleéf-heating is one of the mechanisms responsdle f
the commonly observed efficiency decreasing wittianit.
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