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The forward voltage,seriesresistanceandjunction conductvity of commercialhigh-paver InGaN light-emitting diodes
(LEDs)wereinvestigatedasafunctionof agingtime. A gradualdecreasef seriegesistanceavith arateof aboutj 1%=1000h
wasrevealedin InGaNLEDswithin rst » 9,600hoursof agingunderordinaryconditions(nominalforward current350mA,
junction temperature850 K), whereaghe characteristienegy of tunnelinjection exhibited a decreasavith a rate of about
i 0.19%=1000h. Theobsenredagingeffectswereattributedto continuougost-fabricationself-annealingf thep-typecladding
layerandto thevariationof thelocalized-statelensityin the active layerof the LED chips.
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1. Intr oduction

LEDs are new-generationlighting devices with a
potentialof higheref ciency and quality of light and
unsurpassedbongevity [1]. Commercialhigh-pover
InGaN andAlInGaP LEDs alreadyexhibit operational
time in excessof 50,000hoursat 70% lumenmainte-
nance. To this end, long-termvariation of the optical
andelectricalcharacteristic®f LEDs is of crucial in-
terestfor the further promotionof solid-statelighting
technology Degradationof theoutput ux of LEDsre-
ceivedalot of attention[2—-5], althoughthebackground
physical and materials'issuesstill requiredeeperun-
derstanding.Meanwhile,the effectsof agingon elec-
trical characteristicof LEDs are usually cateyorized
asfollows [6—-10]: (i) anincreaseof sub-onseforward
currentdueto anoccurrencef additionalnonradiatie
recombinationroutes, (i) an increaseof reversecur
rent, and (iii) a decreaseof forward currentat nom-
inal voltagesmainly dueto the deteriorationof elec-
trodesandcontactlayers. An increaseof forward cur
rentin theentirerangeof voltagesn agednGaNLEDs
was also obsened and attributed to an occurrenceof
dislocation-relate@hmicshortswithin thechip [11].

For practical purposese.g. for designingpower
suppliesprojectedfor » 50,000-100,00@oursof op-
erationlong-termvariationof electricalcharacteristics
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thatconditiontheforwardvoltageof LEDs is to bead-
dressedn more detail. Here we reporton the effect
of long-termagingin the nominal-currentregime on
the forward voltageof commerciahigh-paver InGaN
LEDs and analysethis effect in termsof variation of
seriegresistancandjunctionconductvity.

2. Experiment

Blue 1-W InGaN ip-chip LEDs (Philips Lumileds
Lighting modelLXHL-MRRD) [12,13] with theemis-
sion peak wavelength around 444 nm were investi-
gated. The chip of the LEDs (die size1£ 1£ 0.1 mm?®)
consistedof a sapphiresubstrateand a thin semicon-
ductorstructure. The agingcycleswerecarriedout at
the nominaldc currentof 350 mA (» 60 A=cn) with
the LEDs mountedon a heatsink thatwaskeptat the
ambientemperaturef 2938 3 K (thejunctiontemper
aturewas higher asindicatedbelown). A seriesof 4
identicalLEDs wasinvesticated.During the aging,the
LEDs exhibitedindividual variationof the output ux,
which wasin line with the ratedaveragelumenmain-
tenancecharacteristic§l3], but poorly correlatedwith
the variationof electricalcharacteristicslescribede-
low. Meanwhile,we found no noticeablevariation of
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theshapeandpeakpositionof theelectroluminescence
spectraduringtheagingprocess.

Series resistanceand junction conductvity were
evaluatedfrom current—wltage (I -V) characteristics,
measuredat relatively high forward currentsin the
rangeof 1 mA < |g < 400 mA (for lower currents,
the accurag of the measuremenivas limited by the
ESD protectioncircuit built in the silicon submount,
which consumedcurrentof lessthan 10 * A in both
virgin andagedLEDs). To avoid ambiguitiescaused
by self-heatingof the junction, the | -V characteris-
tics wererecordedn the pulsedmode(pulseduration
3001 s, duty cycle 0.3%) using a pulsedsourceme-
ter (Keithley model 2430). During the measurement,
the LEDs were mountedwithin an evacuatedoptical
cryostat oven (Cryo Industriesmodel110-637-DND).
Thetemperaturef themountwasmaintainecat 298K
with anaccurayg betterthan0.1 K. The overall uncer
tainty of the chip temperaturén thel -V measurement
estimatedbasedon heatcapacitancef sapphirewas
lessthanl K. However, theanalysisof thehigh-enegy
wing of the electroluminescencgpectrahasindicated
that an additionalincreasen junction temperatureof
up to 4 K is possible[14]. For the temperatureoef-

cient of the forward voltageof | 2 mV=K [13], this

correspondgo the uncertaintyof the forward voltage
below 8 mV within the usedrangeof the forward cur-

rentandbelow 0.16mV for thenominalcurrentapplied
at differentagingtimes(with the hereinafterestimated
2% drop of forward voltagedueto aginganda corre-
spondingreductionof Joules heattakeninto account).

To avoid ambiguitiesdue to short-termaging ef-
fects,the start-pointmeasurementsere performedaf-
ter 500 hoursof seasoningat the nominal conditions
[15]. The measurementsvere repeatedafter subse-
guentagingfor 2,500,6,400,and9,600hours.

The sameexperimentalarrangementvas usedfor
the calibrationof the forward voltagemethod[16] for
the estimationof the junction temperatureduring the
agingcycles. Typical valuesof the junction tempera-
ture during the aging cycleswere 3508 5 K andwere
consistentvith theratedthermalresistancef 20 K=W
[13].

3. Resultsand discussion

Figurel(a)shavs typical | -V characteristicef an
LED measuregustafterseasoningndafter9,600hours
of aging. Aging is seento resultin a mawginal varia-
tion of thel -V behaiour atsub-onseturrentg+Vg »

i 5mV atlg = 1 mA), which is probably due to

theenhancemerdf nonradiatve recombinatiorandthe
emegenceof ohmic shortswithin the chip [6-11]. At

the nominal current(350 mA), a remarkabledrop in

forward voltage (Vg = | 70 mV) is obsened. This
drop canbe attributedneitherto nonradiatve recombi-
nation,whichtendsto saturatexthighforwardcurrents,
nor to shuntcurrents,which are expectedto be linear
with voltage.

The obsered variation of the | -V characteristics
was analysedwithin a generalizedShockley equation
with exponentialcontritutions of diffusion, recombi-
nation, and tunnel injection mechanismseculiar to
INnGaNLEDs[17-19]:

1

(1)

Here,l i andE; arethereversesaturationcurrentand
the enegy parameteiof the ith injection processre-
spectvely, andRg is theseriegesistancelor diffusion
andrecombinatiorcurrentsthenetenegy parameteis
" ideal ks T3, with theideality factorl - " igeas -+ 2 and
junctiontemperaturdl’;, whereador tunnellinginjec-
tion, the enegy parameters almosttemperaturénde-
pendent. Provided that the injection currentis domi-
natedby a singlecomponenbn the right-handside of
Eg.(1)andlg A |y, differentiationby forwardcurrent
yieldsthe dynamicresistance

dVe Eo
m— s+ q|—F (2)

Thesecondermontheright-handsideof Eq. (2) is
the inversejunction conductvity, which for a particu-
lar forward currentis determinedsolely by the enegy
parameteof the injection process.To distinguishbe-
tweenthe componentof the dynamicresistancethe
differentiall -V characteristicyhich is obtainedfrom
Eq.(2), canbeused[20]:

dVE
IF die 3)

By plotting the productl e Rp asafunctionof forward
current,both the seriesresistancegthe slope)andthe
characteristidnjection enegy (the extrapolatedvalue
atlg = 0) canbeextracted.

Figure 1(b) shawvs the differential| -V characteris-
tics of a just seasone@ndlong-termagedLED (data
is derived from Fig. 1(a)). At high currents(lg >
100mA), thecharacteristicareseerto containalinear
partthatindicateghatanapproximatiorby asinglein-
jectionmechanisnis applicablehere. The slopeyields
thevaluesof seriesresistanceequalto 1.03% 0.025-

Rp’

Eo

leRp ~ = lFRg+ —:
q



Z.Vaitonisetal. / LithuanianJ. Phys.49, 69—-74(2009) 71

10%g : ; . .
<
g 107 '5
‘5
(&]
'E L
g 102F Aging time: 3
o ' t=500h |1
- ———- t=9600h|
10-3 ! 1 1 N |
2.6 2.8 3.0 3.2 34
Forward voltage (V)
0.6 —
- (b)
a)
(1 I ]
L 02 Aging time: .
I o t=500h | i
o t=9600h
0.0 :

00 01 02 03 04
Forward current (A)

Fig. 1. (a) Semilogrithmicand(b) differentiall -V characteristics
of ahigh-paverInGaNLED justafter500-hseasoningsolidlines,
circles)and9,600-haging(dashedines,squares).

and0.938& 0.025- for the just seasone@dnd9,600h
agedLED, respectiely. Meanwhile,the intersection
of the extrapolatedlinear partswith the vertical axis
measureshe enegy parametef the dominantinjec-
tion mechanismEg thatis equalto 9485 meV and
858 5 meVfor thejustseasonedndagedLED, respec-
tively. (The absoluteerrorsfor the valuesof the series
resistancandenegy parametearedeterminedy the
methodof least-squareasedfor the tting of the ex-
perimentaldatato lineardependences.Jhe estimated
valuesof the characteristienegy imply the valuesof
theideality factorarewell above 2, which indicatethe
dominationof injectiondueto tunnelling[17,18].
Differentlyfrom the seriesresistancethe above ap-
proachis seento reveal no changein the enepgy pa-
rametemwithin the accurag of the experiment.There-
fore, we applieda more precisedifferential approach
basedon the variation of the forward voltageandthe
estimatedvariation of the seriesresistance.The vari-

ation of the forward voltagefor an| -V characteristic
with onedominantinjectionmechanisnis

+Eg )

Ve = IgfRs+ (VEi IFRs)— i Eo=—: (4)
Eo dlo

For the values of parameterstVg = | 70 mV

(Fig.1(a)),xRs = j 0.09& 0.035- , andE ¥290mV,
Eqg.(4)yieldstEg = | 1.28 0.4meV (thethird termon
theright-handsidewasneglectedbasedntheanalysis
of the | -V characteristicsn the low-currentregime).
Now, therelative error for the variationof the charac-
teristic enegy is much smallerand almostequalsthe
relative errorfor thevariationof the seriesresistance.
Figure 2 displaysthe cumulative resultsof the ef-
fect of aging on electrical parameterf high-pover
InGaNLEDsatthenominalcurrent.Figure2(a)shavs
the averagevariation of the forward voltagewith ag-
ing time for the 4 LEDs examined (the line corre-
spondsto j 6.7 mV=1000 h or j 0.2%=1000 h de-
creaserate). Figure 2(b) shavs the averagevaria-
tion of the seriesresistanceg»j 0.011- =1000 h or
i 1.191000h). The averagevariation of the char
acteristicenegy of tunnelling injection is shawvn in
Fig. 2(c) (»i 0.1 mV=1000h or j 0.09 %=1000 h).
(For individual LEDs, the variationsof the electrical
parametersveredispersedvithin 10% of magnitude.)
Suchratescan be quite signi cant for the designing
of driving electronicsfor LEDs with a long operation
time. In particular a 10% drop of forward voltage
canbeanticipatedor 50,000hoursof operationof the
high-paver InGaNLEDs investicated.
Ourresultsarein line with the invoked decreasef
forward voltagecauseddy short-termaging of InGaN
LEDs reportedin [21]. However, a detailedanalysis
revealedat leasttwo comparablecontritutionsto this
effect, a decreasén seriesresistancenda decreasén
characteristidunnelling enegy. The decreasén se-
ries resistancecould be attributed to continuousan-
nealing of the p claddinglayer in the light-emitting
structure. Sucha post-fbricationself-annealingcan
resultin a higherdensityof holesdueto the instabil-
ity of residualMg—H complees [21-23] and might
be morepronouncedn high-paver LEDs operatingat
increasedunction temperatures.However, the junc-
tion temperatureof 350K is too low to invoke con-
ventionalbreakdevn of the Mg—H complees, which
areknown to dissociateat about1000K [24]. Onthe
otherhand,in forward-biasedliodes minority-carrier
enhancediebondingof hydrogenis known to facilitate
annealingat much lower temperature$25,26]. For
instance,a noticeableincreasein hole concentration
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Fig. 2. Averagevariationof the electricalparametersf four high-paver InGaN LEDs with time: (a) forward voltageat nominalcurrent,
(b) seriesresistance(c) characteristienegy of theinjectionprocess.

was obsenred in forward-biasedo— junction diodes
annealedat about450K for » 1 hour Underassump-
tion of an exponentialprobability of dissociatiorwith
the activation enegy of aboutl eV, one can expect
a similar annealingeffect at 350 K on the 1000-hour
scale. Therefore,we attribute the obsened long-term
decreasé seriegesistancef InGaNLEDsto theself-
annealingof residualMg—H complees facilitated by
the commonleakageof electronsinto the p cladding
layeratnominaldriving current420]. Suchanincrease
in the concentratiorof ionizedacceptorsmight be re-
vealedby the capacitance-altage(C—V) method[25].
Unfortunately in our caseit wastoo smallto invoke a
variation of the chage pro le in the p claddinglayer
beyondthe experimentaluncertainty

Theincreasen junctionconductvity probablyhasa
more comple origin dueto both variationof the den-
sity of ionizedacceptorsn thep claddinglayerandthe

densityand spectrumof localizedstatesin the active
layers.

4. Conclusion

We obsered a long-term decreaseof the forward
voltagein high-paver InGaNLEDs andappliedanan-
alytical approactfor | -V characteristicshatrevealed
the variationof seriesresistanceandjunction conduc-
tivity with agingtime. Thedecreasef seriegesistance
was attributed to slow post-fabricationself-annealing
of the p-type claddinglayerfacilitatedby the presence
of minority carriers.
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