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The paper considers surface recombination at #& dctive region surface as the mechanism of carrie
losses which has not yet been discussed with regadittnitride LEDs despite of its evident impontze

for AlGalnP-based light emitters. Using advancead-fiim and triangular volumetric chip designs repo

ed in literature as prototypes, we have demonstiagesimulation a noticeable impact of surface neco
bination on the wall-plug efficiency of InGaN-badeiDs. Various types of LEDs whose efficiency may
be especially affected by surface recombinatiordameussed.
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1 Introduction Surface recombination is known as an important shhof carrier losses in Al-
GalnP-based LEDs. Detailed study of square-mesaoroivity red LEDs has demonstrated surface
recombination to affect noticeably the LED emissifficiency at the mesa size of ~2pfh and smaller
[1]. In contrast, surface recombination have n@rbever considered as the valuable factor limigfig
ciency of state-of-the-art blue and green IlI-di¢riLEDs. Partly, this was caused by a relatively soir-
face recombination velocities (SRVs) reported faNGand InGaN, as compared to those of zinc-blende
semiconductors. Figure 1 summarizes the data osuneé SRVs in various IlI-V semiconductors bor-
rowed from [2-9] and references therein. Thereta® major trends seen from the figure: SRV (i) de-
creases with the materials bandgap and (ii) ineasthe Ir>Ga—Al anion raw. It should be also not-
ed that the data on zinc-blende semiconductorsgir ertain mainly to the (001) surface orientatilm
GaN, however, SRVs related to (0001) a0d@) facets may differ by 2-3 orders of magnitude crea
ing the value as high, as -¥16m/s [6]. In the case of (0001) LED structures, thost important planes
that may contribute to surface recombination ame-palar ones. The corresponding SRV values report-
ed for InGaNrange from ~3x19[5] to ~1¢* cm/s [7], depending on surface preparation aratrirent
(epitaxial growth or ion etching). So, the pointresponding to InGaN in Fig.1 indicates the SRWeal
averaged over all possible surface orientationgydneral, however, the experimental SRVs of nitride

semiconductors should be yet regarded as largedgrtain, requiring more elaborated evaluation in fu
ture.
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Except for SRV, another important parameter colmiglsurface recombination impact on the LED
efficiency is the length of carrier diffusion ingiLED active region, being dependent on both carrie
diffusivity and lifetime. From this point of vieyphosphide and nitride materials also differ sulisamp.
First, due to a wider bandgap and composition dlations, the ambipolar diffusion coefficients (ADCs
in InGaN alloys are an order of magnitude smallemtin conventional zinc-blende semiconductors.
Second, nitride LEDs operate at non-equilibriumriearconcentrations much higher than phosphide
LEDs, which results in considerably shorter carlifetime. All this provides considerably smalleard-
er diffusion lengths in the active regions of litride LEDsS, as compared to those in phosphide.ones

Both lower SRVs and smaller carrier diffusion ldmgtsuggest that surface recombination may be
withdrawn from the mechanisms limiting efficiency ldl-nitride LEDs. In this paper, we will show,
however, that it is not the case. Because of lackixperimental data on this issue, we have usecrum
ical simulations in order to clarify the possibhepact of surface recombination on the LED efficienc

2 Modd In order to address complex realistic geometriestafe-of-the-art LEDs, we have ap-
plied the hybrid approach to model LED operatiommbining 3D simulation of the current spreading
and heat transfer in the LED die with 1D analysisarrier injection and their recombination in theD
active region [10]. To account for the lateral @artransport in the active region we consider skész-
tronn and holep concentrations obeyed the steady-state 2D cotyieguations
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whereq is the elementary charg®,is the recombination ratg, is the local vertical current density,,

is the injection efficiency defined as the ratictleé recombination current density in the activgioe to
j ,»andJ, and J, are the lateral electron and hole fluxes, respelgti defined as

J,=-4,nE-D,On , J,=u,pE-D,0p . (2)

Here,E is the in-plane electric field ang, andD, , are, respectively, the mobilities and diffusiorezo

ficients of electrons/holes in the active region.
Subtracting one of Egs.(1) from another, one camiokthat J, =J, =J ; excluding then electric

field E from Eqgs.(2), one can derive the expression ferctrier flux
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In terms of new variablesd\ = (np)”? andr =(n/ p)* , the above expression for the fliixxan be writ-

ten as
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The second term in Eq.(4) vanishes, if (i) electroand holes are non-degenerated, so that
D,, =(KT/g)4,, , wherek is the Boltzmann’s constant afids temperature, or (ij)gN/N >>0r /r (in
particular case of electrically neutral active oagi = 1). Simulations show that the latter requirenisnt

practically always met in the case of lll-nitrid&€Ds. Therefore, the second term in Eq.(4) can bié-om
ted. Inserting the reduced expression (4) into @§sone can obtain the governing equation

in D +D
O(D,0N) =R(N,r) = T p = =™ B/t
q HoT + 1T

(5)
whereD, is the ADC of carriers in the active region. Thiguation is supplemented with the boundary
conditionsvlJ=SN with v being the outer normal to the active region petenand S being SRV
generally dependent on. Equation (5) should be solved numerically wjthy,; , andR(N,r) distribu-
tions over the active region found from the hyl8@@/1D simulations [10].
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3 Results We consider here two representative LED chip desi@me is similar to unpackaged
blue-LED thin-film chip described in Ref.[11]. lhis chip, silver-based electrodes are formed topthe
contact layer of an LED structure; after removihg sapphire substrate the back surface of the tacbn
layer is textured to increase the efficiency ohtigxtraction from the LED, and the current acdesthe
n-contact layer is provided by metallic column &ledes passing through blind vias etched through th
structure up to the n-contact layer (see [11] afdrence therein for more details). Because ofecuirr
crowding around the vias, we expect to see a raftieeimpact of surface recombination on the LED
efficiency despite a relatively small total perieredf all the vias.

Another representative chip design is similar tokaged violet-LED triangular volumetric chip re-
ported in [12]. No substantial current crowdingeigected in this kind of chip but the perimeteithsf
active region free surface is here large enougkxfmect surface recombination affecting the LED-effi
ciency.

As the LED structures used in the above chips wetalisclosed, the 1D simulations of carrier in-
jection and recombination in the active regions eveubstituted by fitting the experimental current-
voltage and light-current characteristics, using $nockley’s diode equation accounting for LED eseri
resistance and the ABC-recombination model [13jpeetively. In order to diminish uncertainty in the
fitting parameters, experimental recombination fioiehts reported in [14] were utilized. 3D modedi
of current spreading in the LED dice was carrietwaith commercial SimuLED package [15], assuming
isothermal operation conditions for simplicity.

According to [16-18], ADCs of carriers in InGaN QW spend on the alloy composition, materials
quality, and non-equilibrium carrier concentratigenerally ranging from 0.2 to 3.0 &k In this study,
we used its representative value of 2.G/smorresponding to a relative high carrier congians [17].
Because of the uncertainty in the SRVs reportedrf@aN, we have varied its value from zero (no sur-
face recombination) to 3xi@m/s.
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Fig. 2 Wall-plug efficiency of the unpackaged thin-filmlue LED (a) and packaged triangular volumet-
ric violet LED (b) chips as a function of operatiogrrent simulated at different values of SRV fraeno
to 3x1¢ cm/s.

Figure 2 shows simulated wall-plug efficiencies (#él of the considered LED chips as a function
of operating current. One can see that surfacembir@tion reduces maximum WPE values by ~5-7
absolute percent in both types of the chip, depgndin the SRV assumed. It is interesting that e i
pact of surface recombination becomes practicatigpendent of SRV &> 10 cm/s. At the operating
currents much greater than those correspondinggdPE maxima, the surface recombination effect
becomes much weaker.

In order to understand the influence of the opegatiurrent on the strength of surface recombination
effect, we have plotted in Fig.3 two-dimensionatdbution of the sheet carrier densiy in the active
region at the operating current of 100 mA (Fig.3a)d distributions ofN between two selected vias
placed at the center of the thin-film LED chip (ABoss-section), simulated for the current of 3 mA
nearly corresponding to the WPE maximum (Fig.3lm) fam much higher current of 350 mA (Fig.3c). At
low currents (3 mA) and negligible surface recoration S = 0), the carrier density is quite uniform,
demonstrating the absence of visible current crogidSurface recombination leads to formation around
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the vias a dead region depleted with carriers whiegg outcome from to recombine non-radiatively on
the free active region surface. The width of thgiom of ~20-25um corresponds to the carrier ambipolar
diffusion length at a rather long life time specifor the low carrier density of ~30cnT?.
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At the currents as high, as ~100 mA, the sheetecatensity becomes no longer uniformly distritlite
over the active region (Fig.3a) because of curcemivding. At 350 mA, a strong non-uniformity is pre
dicted even in the absence of surface recombingsea Fig.3c). Similarly to the low-current caser-s
face recombination forms dead regions around tas. Wowever, the width of the region is now of ~5-8
um, corresponding to the diffusion length at a msisbrter carrier life time specific for the higherder
density of ~1& cn72. In addition, the contrast of the carrier densiistribution, i. e. the ratio of the car-
rier density at the vias edges to its maximum vaileo becomes lower at high currents. Both thesfow
carrier density contrast and the narrower deadregisult in a weaker impact of surface recombamati
on the LED efficiency at high currents.

4 Discussion Our simulations demonstrate surface recombinatidoet capable of influencing notice-
ably the efficiency of state-of-the-art violet apldie LEDs, especially at low operating currentsoddh
the predicted effect is weaker than in the casAlGaInP LEDs, its impact on the efficiency is, neve
theless, tangible in view of the common wish toiaeh the ultimate performance of lll-nitride light
emitters. Being largely dependent of the chip dize,impact of surface recombination on the efficie

is expected to be especially pronounced in micr®&Emulti-pixel LED arrays, nanostructure LEDs,
and some kinds of ridge-waveguide laser diode.

Dependence of surface recombination strength ohEi2 emission wavelength is beyond the scope
of this study. Nevertheless, accounting for gentaadd of reducing ADC in InGaN QWs with the In
content [17], we can forecast suppression of sarfacombination in green LEDs and its enhancement
in violet LEDs, as compared to blue ones (thisaffeas not been accounted for in the present simula
tions). Even more stronger should be the surfaceméination impact on the efficiency in near- and
deep-UV LEDs because of (i) a pronounced tenderide devices to current crowding, (i) general
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trend of increasing SRV with the Al content in thetive region, and (iii) higher carrier diffusivityhich
is no longer controlled by strong composition flietions typical for InGaN alloys.

In any case, passivation of free active regionamgrfwith appropriate dielectrics may help to dimin-
ish the negative impact of surface recombinatiothenLED efficiency.

5 Conclusion A way of accounting for surface recombination impaw LED operation within hybrid
3D/1D modelling approach has been suggested ipdber. As the approach was developed for acceler-
ated simulations of coupled current spreading aat transfer in LED dice, the extension of the auef
recombination model to non-isothermal operationditions is straightforward.

Considering two advanced chip designs, we havevshny simulations that surface recombination
may produce a noticeable impact on the efficierfcstate-of-the-art blue and violet LEDs, reducihg t
maximum WPE values by about 5-7 absolute percenhigh operation currents, the impact of surface
recombination becomes weaker due to a shorterecdife time in the active region, resulting evealty
in a smaller ambipolar carrier diffusion lengths.

The results obtained demonstrate still existinditawhal room for performance improvement of state-
of-the-art visible LEDs and point out the importaraf surface-recombination losses for light emstter
with a large active region perimeter-to-area rdtl@® micro-LEDs, multi-pixel LED arrays, nanostruc
ture LEDs, etc. Additional enhancement of surfamgombination impact on the LED efficiency is ex-
pected for UV LEDs.
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