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The forward voltage, series resistance, and junction conductivity of commercial high-power InGaN light-emitting diodes
(LEDs) were investigated as a function of aging time. A gradual decrease of series resistance with a rate of about —1% /1000 h
was revealed in InGaN LEDs within first ~9,600 hours of aging under ordinary conditions (nominal forward current 350 mA,
junction temperature 350 K), whereas the characteristic energy of tunnel injection exhibited a decrease with a rate of about
—0.1%/1000 h. The observed aging effects were attributed to continuous post-fabrication self-annealing of the p-type cladding
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layer and to the variation of the localized-state density in the active layer of the LED chips.
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1. Introduction

LEDs are new-generation lighting devices with a
potential of higher efficiency and quality of light and
unsurpassed longevity [1]. Commercial high-power
InGaN and AllnGaP LEDs already exhibit operational
time in excess of 50,000 hours at 70% lumen mainte-
nance. To this end, long-term variation of the optical
and electrical characteristics of LEDs is of crucial in-
terest for the further promotion of solid-state lighting
technology. Degradation of the output flux of LEDs re-
ceived a lot of attention [2-5], although the background
physical and materials’ issues still require deeper under-
standing. Meanwhile, the effects of aging on electrical
characteristics of LEDs are usually categorized as fol-
lows [6-10]: (i) an increase of sub-onset forward cur-
rent due to an occurrence of additional nonradiative re-
combination routes, (ii) an increase of reverse current,
and (iii) a decrease of forward current at nominal volt-
ages mainly due to the deterioration of electrodes and
contact layers. An increase of forward current in the
entire range of voltages in aged InGaN LEDs was also
observed and attributed to an occurrence of dislocation-
related ohmic shorts within the chip [11].

For practical purposes, e.g. for designing power
supplies projected for ~50,000-100,000 hours of op-
eration, long-term variation of electrical characteristics
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that condition the forward voltage of LEDs is to be ad-
dressed in more detail. Here we report on the effect
of long-term aging in the nominal-current regime on
the forward voltage of commercial high-power InGaN
LEDs and analyse this effect in terms of variation of
series resistance and junction conductivity.

2. Experiment

Blue 1-W InGaN flip-chip LEDs (Philips Lumileds
Lighting model LXHL-MRRD) [12, 13] with the emis-
sion peak wavelength around 444 nm were investigated.
The chip of the LEDs (die size 1x1x0.1 mm?) con-
sisted of a sapphire substrate and a thin semiconduc-
tor structure. The aging cycles were carried out at the
nominal dc current of 350 mA (~60 A/ cm?) with the
LEDs mounted on a heat sink that was kept at the am-
bient temperature of 293+3 K (the junction temper-
ature was higher, as indicated below). A series of 4
identical LEDs was investigated. During the aging, the
LEDs exhibited individual variation of the output flux,
which was in line with the rated average lumen main-
tenance characteristics [13], but poorly correlated with
the variation of electrical characteristics described be-
low. Meanwhile, we found no noticeable variation of
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the shape and peak position of the electroluminescence
spectra during the aging process.

Series resistance and junction conductivity were
evaluated from current—voltage (I-V') characteristics,
measured at relatively high forward currents in the
range of 1 mA < Ir < 400 mA (for lower currents,
the accuracy of the measurement was limited by the
ESD protection circuit built in the silicon submount,
which consumed current of less than 10 pA in both
virgin and aged LEDs). To avoid ambiguities caused
by self-heating of the junction, the I-V characteris-
tics were recorded in the pulsed mode (pulse duration
300 us, duty cycle 0.3%) using a pulsed source meter
(Keithley model 2430). During the measurement, the
LEDs were mounted within an evacuated optical cryo-
stat/oven (Cryo Industries model 110-637-DND). The
temperature of the mount was maintained at 298 K with
an accuracy better than 0.1 K. The overall uncertainty
of the chip temperature in the /- measurement esti-
mated based on heat capacitance of sapphire was less
than 1 K. However, the analysis of the high-energy wing
of the electroluminescence spectra has indicated that
an additional increase in junction temperature of up to
4 K is possible [14]. For the temperature coefficient
of the forward voltage of —2 mV /K [13], this corre-
sponds to the uncertainty of the forward voltage below
8 mV within the used range of the forward current and
below 0.16 mV for the nominal current applied at dif-
ferent aging times (with the hereinafter estimated 2%
drop of forward voltage due to aging and a correspond-
ing reduction of Joule’s heat taken into account).

To avoid ambiguities due to short-term aging ef-
fects, the start-point measurements were performed af-
ter 500 hours of seasoning at the nominal conditions
[15]. The measurements were repeated after subsequent
aging for 2,500, 6,400, and 9,600 hours.

The same experimental arrangement was used for the
calibration of the forward voltage method [16] for the
estimation of the junction temperature during the aging
cycles. Typical values of the junction temperature dur-
ing the aging cycles were 350+5 K and were consistent
with the rated thermal resistance of 20 K/W [13].

3. Results and discussion

Figure 1(a) shows typical [-V characteristics of an
LED measured just after seasoning and after 9,600 hours
of aging. Aging is seen to result in a marginal varia-
tion of the /-V behaviour at sub-onset currents (6 Vg ~
—5 mV at Ir = 1 mA), which is probably due to
the enhancement of nonradiative recombination and the

emergence of ohmic shorts within the chip [6-11]. At
the nominal current (350 mA), a remarkable drop in for-
ward voltage (Vg = —70 mV) is observed. This drop
can be attributed neither to nonradiative recombination,
which tends to saturate at high forward currents, nor
to shunt currents, which are expected to be linear with
voltage.

The observed variation of the I-V characteristics
was analysed within a generalized Shockley equation
with exponential contributions of diffusion, recombi-
nation, and tunnel injection mechanisms peculiar to
InGaN LEDs [17-19]:

Iy = ZIOZ{eXp [VF;ZRS] - 1}. (1)

Here, Iy; and E; are the reverse saturation current and
the energy parameter of the ¢th injection process, re-
spectively, and Ry is the series resistance. For diffusion
and recombination currents, the net energy parameter is
NidealkB 1y, With the ideality factor 1 < nijgeas < 2 and
junction temperature 73, whereas for tunnelling injec-
tion, the energy parameter is almost temperature inde-
pendent. Provided that the injection current is domi-
nated by a single component on the right-hand side of
Eq. (1) and Ir > I, differentiation by forward current
yields the dynamic resistance

Rp = j‘l/i; = Rs + 5}1 2

The second term on the right-hand side of Eq. (2) is
the inverse junction conductivity, which for a particu-
lar forward current is determined solely by the energy
parameter of the injection process. To distinguish be-
tween the components of the dynamic resistance, the
differential -V characteristic, which is obtained from
Eq. (2), can be used [20]:

FRo =G = IeRs+ =0 @)
dlrp
By plotting the product IrRp as a function of forward
current, both the series resistance (the slope) and the
characteristic injection energy (the extrapolated value
at Ir = 0) can be extracted.

Figure 1(b) shows the differential /-V characteris-
tics of a just seasoned and long-term aged LED (data
is derived from Fig. 1(a)). At high currents (Il >
100 mA), the characteristics are seen to contain a linear
part that indicates that an approximation by a single in-
jection mechanism is applicable here. The slope yields
the values of series resistance equal to 1.032+0.025 €2
and 0.93840.025 (2 for the just seasoned and 9,600-h
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Fig. 1. (a) Semilogarithmic and (b) differential -V characteristics
of a high-power InGaN LED just after 500-h seasoning (solid lines,
circles) and 9,600-h aging (dashed lines, squares).

aged LED, respectively. Meanwhile, the intersection
of the extrapolated linear parts with the vertical axis
measures the energy parameter of the dominant injec-
tion mechanism FEj that is equal to 94+5 meV and
8545 meV for the just seasoned and aged LED, respec-
tively. (The absolute errors for the values of the series
resistance and energy parameter are determined by the
method of least-squares used for the fitting of the ex-
perimental data to linear dependences.) The estimated
values of the characteristic energy imply the values of
the ideality factor are well above 2, which indicate the
domination of injection due to tunnelling [17, 18].
Differently from the series resistance, the above ap-
proach is seen to reveal no change in the energy param-
eter within the accuracy of the experiment. Therefore,
we applied a more precise differential approach based
on the variation of the forward voltage and the estimated
variation of the series resistance. The variation of the

forward voltage for an -V characteristic with one dom-
inant injection mechanism is

oF ol

§Vi = IpdRs + (Vi — IgRs)——= — By— . (4)
Ey alo

For the values of parameters Vg = —70 mV

(Fig. 1(a)), 6 Rs = —0.092+0.035 2, and Fyp ~ 90 mV,
Eq. (4) yields 6 Ey = —1.240.4 meV (the third term on
the right-hand side was neglected based on the analysis
of the I-V characteristics in the low-current regime).
Now, the relative error for the variation of the charac-
teristic energy is much smaller and almost equals the
relative error for the variation of the series resistance.
Figure 2 displays the cumulative results of the ef-
fect of aging on electrical parameters of high-power
InGaN LEDs at the nominal current. Figure 2(a) shows
the average variation of the forward voltage with aging
time for the 4 LEDs examined (the line corresponds to
—6.7mV /1000 h or —0.2%/1000 h decrease rate). Fig-
ure 2(b) shows the average variation of the series resis-
tance (~—0.011 £2/1000 h or —1.1%/1000 h). The av-
erage variation of the characteristic energy of tunnelling
injection is shown in Fig. 2(c) (~—0.1 mV /1000 h or
—0.09 %/1000 h). (For individual LEDs, the variations
of the electrical parameters were dispersed within 10%
of magnitude.) Such rates can be quite significant for
the designing of driving electronics for LEDs with a
long operation time. In particular, a 10% drop of for-
ward voltage can be anticipated for 50,000 hours of op-
eration of the high-power InGaN LEDs investigated.
Our results are in line with the invoked decrease of
forward voltage caused by short-term aging of InGaN
LEDs reported in [21]. However, a detailed analysis
revealed at least two comparable contributions to this
effect, a decrease in series resistance and a decrease
in characteristic tunnelling energy. The decrease in
series resistance could be attributed to continuous an-
nealing of the p cladding layer in the light-emitting
structure. Such a post-fabrication self-annealing can
result in a higher density of holes due to the instabil-
ity of residual Mg-H complexes [21-23] and might
be more pronounced in high-power LEDs operating at
increased junction temperatures. However, the junc-
tion temperature of 350 K is too low to invoke con-
ventional breakdown of the Mg—H complexes, which
are known to dissociate at about 1000 K [24]. On the
other hand, in forward-biased diodes, minority-carrier-
enhanced debonding of hydrogen is known to facili-
tate annealing at much lower temperatures [25, 26]. For
instance, a noticeable increase in hole concentration
was observed in forward-biased p—n junction diodes an-
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Fig. 2. Average variation of the electrical parameters of four high-power InGaN LEDs with time: (a) forward voltage at nominal current,
(b) series resistance, (c) characteristic energy of the injection process.

nealed at about 450 K for ~1 hour. Under assumption
of an exponential probability of dissociation with the
activation energy of about 1 eV, one can expect a sim-
ilar annealing effect at 350 K on the 1000-hour scale.
Therefore, we attribute the observed long-term decrease
in series resistance of InGaN LEDs to the self-annealing
of residual Mg—H complexes facilitated by the com-
mon leakage of electrons into the p cladding layer at
nominal driving currents [20]. Such an increase in the
concentration of ionized acceptors might be revealed by
the capacitance—voltage (C—V') method [25]. Unfortu-
nately, in our case it was too small to invoke a variation
of the charge profile in the p cladding layer beyond the
experimental uncertainty.

The increase in junction conductivity probably has a
more complex origin due to both variation of the den-
sity of ionized acceptors in the p cladding layer and the

density and spectrum of localized states in the active
layers.

4. Conclusion

We observed a long-term decrease of the forward
voltage in high-power InGaN LEDs and applied an an-
alytical approach for /-V characteristics that revealed
the variation of series resistance and junction conduc-
tivity with aging time. The decrease of series resistance
was attributed to slow post-fabrication self-annealing of
the p-type cladding layer facilitated by the presence of
minority carriers.
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SENEJIMO ITAKA DIDELES GALIOS InGaN SVIESOS DIODU NUOSEKLIAJAI VARZAI IR
SANDUROS LAIDUMUI
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Santrauka

Tirti didelés galios §viesos diody tiesioginés jtampos, nuoseklio-
sios varzos bei sandaros laidumo poky¢iai vykstant senéjimo pro-
cesui. Po ~9600 valandy sendinimo normaliomis darbo salygomis
(tiesiogine srove 350 mA, sandiiros temperatiira apie 350 K), nusta-

tytas désningas, —1%,/1000 val., nuosekliosios varzos mazéjimas ir
—0.1%,/1000 val. tunelinés injekcijos i aktyviaja sritj charakterin-
gos energijos maz¢jimas. Pastebéti kitimai gali buiti susije su savai-
miniu diodo p sluoksnio atkaitinimu ir lokalizuotyjy buiseny tankio
kitimu aktyviojoje srityje.



