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Abstract- Vertical and planar thin-film flip-chip blue LEDare compared by simulation to identify strong
and weak points of approaches to their design. é€ntrcrowding and its effect on internal quantunicifficy
and light extraction efficiency are found to be kagtors limiting the device performance.

Thin-film flip-chip (TFFC) design of IlI-nitride LBs based on substrate removal after growth of @evic
heterostructure followed by texturing the back smfethe n-GaN contact layer has been suggested for
substantial improvement of light extraction effitdy from the LED die [1-3]. Currently two alternadi
approaches are employed in the LED industry. Oriizag the vertical current injection, having casita
electrodes formed on the n-GaN surface extractiegeimitted light [1-2]. Another approach uses oa-side
(planar) electrode configuration with the n-eled&s contacting the n-GaN layer via holes etcheoutiin the
p-contact layer and active region of the LED suet[3]. Despite a wide practical application otgh
approaches, their strong and weak points are natoyapletely understood.

This paper reports on simulation analysis aimed aetter understanding of TFFC LED operation and
comparing performances of vertical and planar LEE2 dEssential point of the analysis is the consitien of
identical LED heterostructures and key elementshefchip design, like texture formed on the n-Gadtkb
surface, for every type of the die. This enablesoae informative comparison of the LED charactarsst

The LED structure consists of a thick n-GaN contager with electron concentration= 1.5x18% cmi®,
an active region, a 40 nm pAGa g\ electron blocking layer, and a 200 nm p-GaN ocnlayer with Mg
concentration of 2.5x® cm?®. The active region contains four 3 nm InGaN quentuells (QWSs) emitting
light at 452 nm separated by 10 nm unintentiondtiped GaN barriers1= 5x13° cmi®). Designs of 815x875
um? vertical and 1000x100Qm? planar dice are shown schematically in Figs.1la Hndrespectively. The
thickness of the n-GaN contact layer is ofi® in the vertical die and bm in the planar one. The thermal
resistances of the vertical and planar dice mouoked heat sink are set to be of 8.2 and 9.5 Késpectively.
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Fig.1 Schematic vertical (a) and planar (a) TFFC dicaves indicate the main directions of light emissio
IQE of the LED structurgersuscurrent density computed for various temperat(ces

Modeling of the LED operation is performed with amercial SImuLED package [4] providing coupled
3D analysis of electrical, thermal, and opticalgasses in the LED dice. Auger recombination in INGANs is
accounted for as a principal mechanism limiting ifternal quantum efficiency (IQE) of LED structarat
high-current densities [5,6] — see Fig.1c. Theugry of the n-contact layer surface was simulatedclose-
packed array of hexagonal pyramids having the desfd00 nm and height-to-base ratio of about f@ptical
properties of gold and silver were used in the &{ptracing analysis for the n- and p-electrodespeetively.

Simulations predict a strong current crowding ribar n-electrode edges in both vertical and plamze d
(Figs.2a and 2b). The higher the total current fimmhrough the LED, the stronger is the currenisity
non-uniformity in the active region. Because ofnaaller total perimeter of the n-electrodes, thentting is
much more pronounced in the planar die, resuliimgparticular, in a higher operation voltage athhaurrent
operation (Fig.2c). In the vertical die, the cutrdansity peaks under the n-pad and, to a lessentxinder the
I'-shaped electrodes (Fig.2a). The light emittech@sé regions has much lower probability of extosctfrom
the die, owing to optical losses caused by incotadight reflection from metallic n-electrodes (Fg). As a
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result, the light extraction efficiency (LEE) ofetlvertical TFFC LED becomes current-dependent 8B)g.The
decay of LEE with current can be considerably reduby inserting an insulation layer under the n-pad
using narrowef -shaped electrodes with a smaller interelectro@eisg (improved design of the vertical chip).
In contrast, LEE of the planar LED does not pradljcvary with current and exceeds that of theieattLED
due to the absence of n-electrodes on the emittiGaN surface. However, such a die exhibits a ggphQE
droop related to a much higher current localizatiert to the n-electrode edges. All the above &ffdetermine
the variation of the LED wall-plug efficiency (WPRjth current specific for every type of the diedsig.3c).
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Fig.2 Current density distribution in the active regmf(a) vertical die at 700 mA and (b) planar di®&0d mA,;
in both cases, the mean current density is of ~@8nA Current-voltage characteristics of the dice (c).
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Fig.3 Probability of light extraction from a certain poof active region in the vertical die (a). Lighttraction
efficiency (b) and wall-plug efficiency (c) of thdanar and vertical dice as a function of current.

Actually, two types of the die considered above limflifferent strategies of further development. The
vertical die primarily requires improvement of LE&at can be accomplished by optimization of the atasign,
i.e. by modification of the n-electrode geometrging current blocking layers, etc. The performantehe
planar LEDs, however, may be improved at the exp@efithe heterostructure optimization aimed ataasing
its IQE at high current densities (see [7], asxan®le of such an optimization).
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