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The forward voltage,seriesresistance,andjunctionconductivity of commercialhigh-power InGaN light-emittingdiodes
(LEDs)wereinvestigatedasafunctionof agingtime. A gradualdecreaseof seriesresistancewith arateof about¡ 1%=1000h
wasrevealedin InGaNLEDswithin �rst » 9,600hoursof agingunderordinaryconditions(nominalforwardcurrent350mA,
junction temperature350 K), whereasthe characteristicenergy of tunnel injection exhibited a decreasewith a rateof about
¡ 0.1%=1000h. Theobservedagingeffectswereattributedto continuouspost-fabricationself-annealingof thep-typecladding
layerandto thevariationof thelocalized-statedensityin theactive layerof theLED chips.
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1. Intr oduction

LEDs are new-generationlighting devices with a
potentialof higheref�ciency andquality of light and
unsurpassedlongevity [1]. Commercialhigh-power
InGaNandAlInGaPLEDs alreadyexhibit operational
time in excessof 50,000hoursat 70% lumenmainte-
nance.To this end, long-termvariationof the optical
andelectricalcharacteristicsof LEDs is of crucial in-
terestfor the further promotionof solid-statelighting
technology. Degradationof theoutput�ux of LEDsre-
ceivedalot of attention[2–5],althoughthebackground
physical andmaterials' issuesstill requiredeeperun-
derstanding.Meanwhile,the effectsof agingon elec-
trical characteristicsof LEDs are usually categorized
asfollows [6–10]: (i) anincreaseof sub-onsetforward
currentdueto anoccurrenceof additionalnonradiative
recombinationroutes,(ii) an increaseof reversecur-
rent, and (iii) a decreaseof forward currentat nom-
inal voltagesmainly due to the deteriorationof elec-
trodesandcontactlayers.An increaseof forwardcur-
rentin theentirerangeof voltagesin agedInGaNLEDs
was also observed and attributed to an occurrenceof
dislocation-relatedohmicshortswithin thechip [11].

For practical purposes,e.g. for designingpower
suppliesprojectedfor » 50,000–100,000hoursof op-
eration,long-termvariationof electricalcharacteristics

thatconditiontheforwardvoltageof LEDs is to bead-
dressedin more detail. Here we report on the effect
of long-termaging in the nominal-currentregime on
the forwardvoltageof commercialhigh-power InGaN
LEDs andanalysethis effect in termsof variationof
seriesresistanceandjunctionconductivity.

2. Experiment

Blue 1-W InGaN�ip-chip LEDs (PhilipsLumileds
Lighting modelLXHL-MRRD) [12,13] with theemis-
sion peak wavelengtharound444 nm were investi-
gated.Thechip of theLEDs (die size1£ 1£ 0.1mm3)
consistedof a sapphiresubstrateanda thin semicon-
ductorstructure.Theagingcycleswerecarriedout at
thenominaldc currentof 350mA (» 60 A=cm2) with
theLEDs mountedon a heatsink thatwaskeptat the
ambienttemperatureof 293§ 3 K (thejunctiontemper-
aturewas higher, as indicatedbelow). A seriesof 4
identicalLEDswasinvestigated.During theaging,the
LEDs exhibitedindividual variationof theoutput�ux,
which wasin line with the ratedaveragelumenmain-
tenancecharacteristics[13], but poorly correlatedwith
thevariationof electricalcharacteristicsdescribedbe-
low. Meanwhile,we found no noticeablevariationof
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theshapeandpeakpositionof theelectroluminescence
spectraduringtheagingprocess.

Series resistanceand junction conductivity were
evaluatedfrom current–voltage(I –V ) characteristics,
measuredat relatively high forward currents in the
rangeof 1 mA < I F < 400 mA (for lower currents,
the accuracy of the measurementwas limited by the
ESD protectioncircuit built in the silicon submount,
which consumedcurrentof less than 10 ¹ A in both
virgin andagedLEDs). To avoid ambiguitiescaused
by self-heatingof the junction, the I –V characteris-
tics wererecordedin the pulsedmode(pulseduration
300 ¹ s, duty cycle 0.3%) using a pulsedsourceme-
ter (Keithley model2430). During the measurement,
the LEDs were mountedwithin an evacuatedoptical
cryostat/ oven(Cryo Industriesmodel110-637-DND).
Thetemperatureof themountwasmaintainedat298K
with anaccuracy betterthan0.1 K. Theoverall uncer-
taintyof thechip temperaturein theI –V measurement
estimatedbasedon heatcapacitanceof sapphirewas
lessthan1 K. However, theanalysisof thehigh-energy
wing of the electroluminescencespectrahasindicated
that an additionalincreasein junction temperatureof
up to 4 K is possible[14]. For the temperaturecoef-
�cient of the forward voltageof ¡ 2 mV=K [13], this
correspondsto the uncertaintyof the forward voltage
below 8 mV within theusedrangeof theforwardcur-
rentandbelow 0.16mV for thenominalcurrentapplied
at differentagingtimes(with thehereinafterestimated
2% drop of forward voltagedueto aginganda corre-
spondingreductionof Joule'sheattakeninto account).

To avoid ambiguitiesdue to short-termaging ef-
fects,thestart-pointmeasurementswereperformedaf-
ter 500 hoursof seasoningat the nominal conditions
[15]. The measurementswere repeatedafter subse-
quentagingfor 2,500,6,400,and9,600hours.

The sameexperimentalarrangementwas usedfor
thecalibrationof the forwardvoltagemethod[16] for
the estimationof the junction temperatureduring the
agingcycles. Typical valuesof the junction tempera-
ture during the agingcycleswere350§ 5 K andwere
consistentwith theratedthermalresistanceof 20K=W
[13].

3. Resultsand discussion

Figure1(a)shows typical I –V characteristicsof an
LED measuredjustafterseasoningandafter9,600hours
of aging. Aging is seento result in a marginal varia-
tion of theI –V behaviour atsub-onsetcurrents(±VF »
¡ 5 mV at I F = 1 mA), which is probably due to

theenhancementof nonradiativerecombinationandthe
emergenceof ohmicshortswithin thechip [6–11]. At
the nominal current(350 mA), a remarkabledrop in
forward voltage(±VF = ¡ 70 mV) is observed. This
dropcanbeattributedneitherto nonradiative recombi-
nation,whichtendsto saturateathighforwardcurrents,
nor to shuntcurrents,which areexpectedto be linear
with voltage.

The observed variation of the I –V characteristics
wasanalysedwithin a generalizedShockley equation
with exponentialcontributions of diffusion, recombi-
nation, and tunnel injection mechanismspeculiar to
InGaNLEDs [17–19]:

I F =
X

i

I 0i

½
exp

·
VF ¡ I FRS

E i =q

¸
¡ 1

¾
: (1)

Here,I 0i andE i arethereversesaturationcurrentand
the energy parameterof the i th injection process,re-
spectively, andRS is theseriesresistance.For diffusion
andrecombinationcurrents,thenetenergy parameteris
´ idealkBTJ, with theideality factor1 · ´ ideal · 2 and
junction temperatureTJ, whereasfor tunnellinginjec-
tion, theenergy parameteris almosttemperatureinde-
pendent. Provided that the injection currentis domi-
natedby a singlecomponenton theright-handsideof
Eq.(1) andI F À I 0, differentiationby forwardcurrent
yieldsthedynamicresistance

RD ´
dVF

dI F
= RS +

E0

qI F
: (2)

Thesecondtermon theright-handsideof Eq. (2) is
the inversejunction conductivity, which for a particu-
lar forwardcurrentis determinedsolelyby theenergy
parameterof the injection process.To distinguishbe-
tweenthe componentsof the dynamicresistance,the
differentialI –V characteristic,which is obtainedfrom
Eq.(2), canbeused[20]:

I FRD ´ I F
dVF

dI F
= I FRS +

E0

q
: (3)

By plotting theproductI FRD asa functionof forward
current,both the seriesresistance(the slope)and the
characteristicinjection energy (the extrapolatedvalue
at I F = 0) canbeextracted.

Figure1(b) shows the differential I –V characteris-
tics of a just seasonedandlong-termagedLED (data
is derived from Fig. 1(a)). At high currents(I F >
100mA), thecharacteristicsareseento containalinear
partthatindicatesthatanapproximationby asinglein-
jectionmechanismis applicablehere.Theslopeyields
thevaluesof seriesresistanceequalto 1.032§ 0.025­
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Fig. 1. (a)Semilogarithmicand(b) differentialI –V characteristics
of ahigh-powerInGaNLED justafter500-hseasoning(solid lines,

circles)and9,600-haging(dashedlines,squares).

and0.938§ 0.025­ for the just seasonedand9,600-h
agedLED, respectively. Meanwhile,the intersection
of the extrapolatedlinear partswith the vertical axis
measuresthe energy parameterof the dominantinjec-
tion mechanismE0 that is equal to 94§ 5 meV and
85§ 5 meVfor thejustseasonedandagedLED, respec-
tively. (Theabsoluteerrorsfor thevaluesof theseries
resistanceandenergy parameteraredeterminedby the
methodof least-squaresusedfor the �tting of the ex-
perimentaldatato lineardependences.)Theestimated
valuesof thecharacteristicenergy imply thevaluesof
theideality factorarewell above 2, which indicatethe
dominationof injectiondueto tunnelling[17,18].

Differentlyfrom theseriesresistance,theabove ap-
proachis seento reveal no changein the energy pa-
rameterwithin theaccuracy of theexperiment.There-
fore, we applieda moreprecisedifferentialapproach
basedon the variationof the forward voltageandthe
estimatedvariationof the seriesresistance.The vari-

ation of the forward voltagefor an I –V characteristic
with onedominantinjectionmechanismis

±VF = I F±RS + (VF ¡ I FRS)
±E0

E0
¡ E0

±I 0

qI 0
: (4)

For the values of parameters±VF = ¡ 70 mV
(Fig.1(a)),±RS = ¡ 0.092§ 0.035­ , andE0 ¼ 90mV,
Eq.(4) yields±E0 = ¡ 1.2§ 0.4meV(thethird termon
theright-handsidewasneglectedbasedontheanalysis
of the I –V characteristicsin the low-currentregime).
Now, the relative error for thevariationof thecharac-
teristic energy is muchsmallerandalmostequalsthe
relativeerrorfor thevariationof theseriesresistance.

Figure 2 displaysthe cumulative resultsof the ef-
fect of aging on electricalparametersof high-power
InGaNLEDsat thenominalcurrent.Figure2(a)shows
the averagevariationof the forward voltagewith ag-
ing time for the 4 LEDs examined (the line corre-
spondsto ¡ 6.7 mV=1000 h or ¡ 0.2%=1000 h de-
creaserate). Figure 2(b) shows the averagevaria-
tion of the seriesresistance(»¡ 0.011 ­ =1000 h or
¡ 1.1%=1000 h). The averagevariation of the char-
acteristicenergy of tunnelling injection is shown in
Fig. 2(c) (»¡ 0.1 mV=1000 h or ¡ 0.09 %=1000 h).
(For individual LEDs, the variationsof the electrical
parametersweredispersedwithin 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
canbeanticipatedfor 50,000hoursof operationof the
high-power InGaNLEDs investigated.

Our resultsarein line with the invokeddecreaseof
forward voltagecausedby short-termagingof InGaN
LEDs reportedin [21]. However, a detailedanalysis
revealedat leasttwo comparablecontributionsto this
effect,a decreasein seriesresistanceanda decreasein
characteristictunnelling energy. The decreasein se-
ries resistancecould be attributed to continuousan-
nealing of the p cladding layer in the light-emitting
structure. Sucha post-fabricationself-annealingcan
result in a higherdensityof holesdueto the instabil-
ity of residualMg–H complexes [21–23] and might
bemorepronouncedin high-power LEDs operatingat
increasedjunction temperatures.However, the junc-
tion temperatureof 350 K is too low to invoke con-
ventionalbreakdown of the Mg–H complexes,which
areknown to dissociateat about1000K [24]. On the
otherhand,in forward-biaseddiodes,minority-carrier-
enhanceddebondingof hydrogenis known to facilitate
annealingat much lower temperatures[25,26]. For
instance,a noticeableincreasein hole concentration
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Fig. 2. Averagevariationof theelectricalparametersof four high-power InGaNLEDs with time: (a) forwardvoltageat nominalcurrent,
(b) seriesresistance,(c) characteristicenergy of theinjectionprocess.

was observed in forward-biasedp–n junction diodes
annealedat about450K for » 1 hour. Underassump-
tion of anexponentialprobabilityof dissociationwith
the activation energy of about 1 eV, one can expect
a similar annealingeffect at 350 K on the 1000-hour
scale. Therefore,we attribute the observed long-term
decreasein seriesresistanceof InGaNLEDsto theself-
annealingof residualMg–H complexes facilitatedby
the commonleakageof electronsinto the p cladding
layeratnominaldriving currents[20]. Suchanincrease
in the concentrationof ionizedacceptorsmight be re-
vealedby thecapacitance–voltage(C–V) method[25].
Unfortunately, in our caseit wastoo small to invoke a
variationof the charge pro�le in the p claddinglayer
beyondtheexperimentaluncertainty.

Theincreasein junctionconductivity probablyhasa
morecomplex origin dueto bothvariationof theden-
sity of ionizedacceptorsin thep claddinglayerandthe

densityandspectrumof localizedstatesin the active
layers.

4. Conclusion

We observed a long-termdecreaseof the forward
voltagein high-power InGaNLEDsandappliedanan-
alytical approachfor I –V characteristicsthat revealed
the variationof seriesresistanceandjunctionconduc-
tivity with agingtime. Thedecreaseof seriesresistance
was attributed to slow post-fabricationself-annealing
of thep-typecladdinglayerfacilitatedby thepresence
of minority carriers.
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Santrauka

Tirti didel�es galios šviesosdiod �u tiesiogin�es �itampos, nuo-
sekliosios var�os bei sand̄uros laidumo poky�ciai vykstant se-
n�ejimoprocesui.Po» 9600valand�u sendinimonormaliomisdarbo
s�alygomis (tiesiogin�e srov�e 350 mA, sand̄uros temperat̄ura apie

350 K), nustatytasd�esningas,¡ 1%=1000val., nuosekliosiosvar-
�os ma��ejimasir ¡ 0.1%=1000val. tunelin�esinjekcijos�i aktyvi �aj �a
srit�i charakteringosenergijosma��ejimas.Pasteb�eti kitimai gali būti
susij�e susavaiminiu diodop sluoksnioatkaitinimuir lokalizuot�uj �u
būsen�u tankiokitimu aktyviojojesrityje.


