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Using simulation, we have investigated into therenir spreading, heat transfer, and light emissioa i
high-power light-emitting diode (LED) with an intBgitated multipixel array (IMPA) chip design. The
main advantages of such LEDs compared with conmeatisquare-shaped ones, like a lower series resis-
tance and a higher emission efficiency at highents, are interpreted in terms of current spreadim
local active region overheating originated from ¢lierent crowding typical for planar LED dice.
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1 Introduction Generally, IlI-nitride light-emitting diodes (LED$abricated on sapphire substrates
suffer from the current crowding [1-3] and subsetdwetive region overheating [4], eventually reisigjt
in a reduction of the light emission efficiencyhagh operation currents. In order to improve thghhi
current LED performance, an interdigitated mult@iarray (IMPA) chip design has been recently sug-
gested in [5], primarily aimed at the current cravgdsuppression.

In this paper we report on the simulation studyhaf IMPA LED with the focus on advantages pro-
vided by the novel chip design. We consider coupl@aent spreading, heat transfer, and light ekitrac
in the IMPA and conventional square-shaped LED tlicget a deeper insight into specific features of
their operation. The theoretical predictions ammpared with the data reported in [5].

2 Results Following [5], we compare here the IMPA die corisigtof a hundred of 30x30m? pixel-
LEDs integrated on a sapphire substrate with a @otional square-shaped 300x30@” LED die. The
LED heterostructure employed in both dice and MBA design have been discussed in detail in [5]. As
the square chip was not described in [5], we hdasen rather arbitrary but typical electrode canfg
tion shown in Fig.2. Both dice had the same lighiténg area, while the total area of the IMPA LED
about an order of magnitude larger than that ofsiipgare one. The output optical power of the LEDs
was measured in [5] by collecting the light extealcthrough the back side of the sapphire subsfrate.

n- andp-contact resistances were 5%1Q.cn? and 1x1G Q-cn?, respectively, in accordance with data
reported in [5]. The LED heterostructure provided émission spectrum peaked at 400 nm.

To investigate into the device operation, we uded SImuLED package [6] that provides coupled
analysis of the current spreading, heat transfet light extraction in the LED dice. The hybrid apach
underlying the simulation has been briefly discdsse[7]. It includes 1D modelling of the LED het-
erostructure coupled with 3D simulation of the euntrspreading and heat transfer in the die. 30reay
ing is used to analyze the light propagation insigedie and its extraction to outside.

The computed band diagram of the Ga-polar LEDrbstaicture and the partial electron and hole
current densities corresponding to the total cardemsityj = 160 A/cnf are shown in Fig.1. One can
see that the conduction and valence bands ip-tf@dn-GaN contact layers, as well as in th&aN
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barriers separating individual InGaN quantum wellg nearly flat at such a current density. Thetete
field remains unscreened only in theéAlGaN blocking layer, quantum wells, and narrovasp-charge
regions adjacent to the wells.

The distributions of the electron and hole curr@ensities show that electrons can easily penetrate
through the multiple-quantum-well active regionrtaleaking into thep-GaN contact layer. The simu-
lation predicts about 7% of electrons to be loghap-electrode because of leakagg at160 A/cni. At
a higher current density or at an elevated temperathe electron leakage becomes much more pro-
nounced, considerably reducing the internal quargffitiency of the LED structure.
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Fig.1 Computed room-temperature band diagram and pa&igatron and hole current densities in the
violet LED hetero-structure reported in [5]. Thenlgap is marked by grey shadow.

The partial hole current density becomes neghg#ishall when holes pass through the quantum well
adjacent to th@-AlGaN blocking layer. As a result, only this walfilled sufficiently with holes, giving
the major rise to the radiative carrier recombmatiActually, just this well serves as an efficidéight
emitter, providing more than 95% of emitted photonkile other quantum wells operate under non-
optimal conditions.

Fig.2 (top) displays the predicted current dendistribution over the active region of square LED
the forward current of 50 mA. One can see thatenircrowding is mainly observed near the gap be-
tween then- andp-contact electrodes. The current density varieuboee times at 50 mA and about
six times at 300 mA in the cross section markeBig?2. The variation is found to be nearly exporant
with a specific decay or current-spreading lengithof ~80um at 50 mA and ~7@m at 500 mA. The
current-spreading length found in this study isul®times smaller than that derived in [5] on biaesis
of analytical estimates. Such a big discrepancyéen the two values of the current-spreading length
shows that the analytical estimates may be inadedquecause of ignoring the interrelation between th
current localization area and electric potentiatrihution inside the LED die. This interrelaticgatls, in
particular, to the dependence of the current sjpmgaéngth on the current through the diode, which
an evidence for a non-linear character of the oticeowding.

The heat transfer in the die is simulated, assgrttie heat sinking through the back side of the sap
phire substrate. The temperature distributionshim gelected cross section corresponding to differen
forward currents are plotted in Fig.2 (bottom). Tamperature rises near the interelectrode gaplbQ ~
K at 300 mA and by ~350 K at 500 mA, while the meéamperature of the active region exceeds the
room temperature by only 55 K and 120 K at thegeeats, respectively. As a result of the overhegtin
the output optical power of the square LED stastsaturate at the forward currents as high as 480 m
At higher currents, the optical power rollover iggicted to occur, which is in close agreement with
servations (see Fig.3).

Simulation of the IMPA LED has demonstrated extgnhigh uniformity of the current density and
temperature in the active region. This is largalg do the choice of the pixel dimensions to beva fe
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times less than the current spreading length irctiientional LED. The difference in the currenb-de
sity between the pixels located in the centre amthe periphery of the IMPA die is less than ~0.8%
the forward current as high as 3.5 A. In turn, bepective temperature difference does not excéedt6
such a high operation current. The predicted mamimuerheating of the active region is about 20 K at
500 mA and about 260 K at 3.5 A, respectively. Témarkably lower overheating of the IMPA LED is
primarily due to its extended chip area. The umifa@urrent density and temperature distributionthe
IMPA LED provide a small scatter of the emissionvelength and electroluminescence (EL) intensity
between different pixels. This conclusion is ireliwith the observations made in [5].

O)

Fig. 2 Two-dimensional distributions of the current dgni the active region of square LED at 50 mA
(top) and temperature profiles in the selectedscsestion at different currents (bottom). The distais
counted from the die edge.
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Fig. 3 Theoretical and experimental output optical powiehe IMPA and square LEDs as a function of
operation current. Inset shows the far-field emisgattern that is nearly the same for the IMPA and
square LEDs.

The lower overheating and much more uniform curdEmsity distribution in the active region pro-
vide the output optical power to grow with curravithout rollover up to 3.5 A. Some tendency to the
output power saturation is predicted only for therents higher than 3.0 A. This means that the IMPA
LED is capable of high-current operation, in costita the square LED.

Our simulations predict the series resistance.®f(l for the IMPA LED and about 7-@ for the
square LED, respectively. The theoretical valuaeagvell with the series resistances of @.@and 8Q
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reported in [5]. In order to understand this resalie can estimate roughly the series resistance as
R=~(L/odp) ™" , wheres is the electric conductivity of the-contact layerd is n-contact layer thickness
under then-electrode, ang is the electrode perimeter, through which the entreffectively flows. At

d = 1.7um andp = 240um, the estimate provides the series resistanc& ©6f for square LED, in good
agreement with simulation and experiment. In theeaaf the IMPA LED, the current spreading length
should be taken equal to the side length of arviddal pixel, i.e. to 3Qum. Then aip = 1800um (the
length of ap-pad multiplied by the number of pixels), the estied series resistance is about Q.4
which is three times lower than the value obtaibgddirect simulation. The discrepancy may be ad-
dressed to the contribution of tpecontact layer resistance that was neglected irabiowve rough esti-
mate. Nevertheless, it shows that the series apsistis primarily controlled by the electrode petien
which is much larger for the IMPA LED.

We have found a discrepancy between the comput@@-3.3 V) and measured (~3.7-3.8 V) turn-on
voltages of the square and IMPA LEDs. As the forwaue is close to those repeatedly reported for
blue and violet LEDs in other papers, we attribiite discrepancy between the theoretical and experi-
mental turn-on voltage to the non-ohmic behaviduthe p-contact, which is not accounted for in the
simulations.

The total light extraction efficiency is found be ~15% for both dice, independently of current. To
explain rather low values of the measured extegnahtum efficiencies of both types of LED, we had t
suppose a strong light absorption inside the gicesumably occurring in tig@GaN contact layer. Only
~3% of all emitted photons is predicted to be etad through the semitransparemi-electrode (see the
inset in Fig.3). The rest 12% of photons leavesdibe through the side walls and back side of @ s
phire substrate.

3 Conclusion Using simulations, we have analyzed specific festwof the IMPA LED operation, in
comparison with an LED of conventional square-shdgsign. Due to suppressed current crowding and
more tranquil thermal operation conditions, the IMEED can serve as a high-brightness light source,
working without rollover of the optical power anduing a low series resistance. High uniformity fod t
current density and temperature in the active regimvides excellent emission wavelength uniformity
over the extended IMPA die.

We used in the study an approximate hybrid appralaat has been found to give the results close to
available observations. The approach enables cdupbzlelling of the current spreading and heat trans
fer in an LED die of a complex geometry. Sinceititerplay between the thermal and current-spreading
effects is an important factor that affects the L&heration, considering them self-consistentlyugey
critical for adequate simulation of the light-enmitf devices utilizing an elaborated design.
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