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Changes of luminescence spectra and electrical properties of light-emitting diodes (LED’s) based on
InGaN/AlGaN/GaN heterostructures were investigated over a long period of operation. Blue and

green LED’s with InGaN single quantum wells were studied at currents up to 80 mA-r0d

hours. An increase of luminescence intensity at operating currents of 15 mA was detected at the 1st
stage of aging (100-800 hours) and a slow fall was detected in the 2nd stage. Greater changes of
spectra were observed at low currents (< 0.15 mA). A study of charged acceptor distribution in the
space charge region has shown that at the 1st stage their concentration grows, and in the 2nd stage,
it falls. The models for the two stages are proposed: 1) activation of Mg due to destruction of residual
Mg-H complexes; 2) formation of donor vacancies N. A model of defect formation by hot electrons
injected into the quantum well is discussed.

1 Introduction tra, capacitance-voltage (C(V)) and current-voltage

Various groups [1] [2] [3] [4] [5] have studied the prob- (J(V)) characteristics were detected at 60-100 mA for

lem of GaN-based light-emitting diode (LED) degrada_hundreds of hours. A cpnstant current J=80 mA was
tion in the last few years, but mechanisms ofchosen for further experiments. The temperature of the
degradation are not yet understood. The goal of theED's active area was estimated from the spectra qt 80
present work was a research of aging processes in LEDRA t0 be T = 360-370 K [12]. The tests were carried

for which luminescence and electrical properties wer®Ut over 2000 hours. An essential part of the work was a
investigated in [6] [7] [8] [9] [10]. Preliminary results study of the dlstrlbuthns of charged center_effectlye

of this study were published in references [11] [12].copcentratlon (CCEQC) in the space charge region during
The experiments were done at moderately high current8&9!N9- _ . _ .

not far from the normal LED operating conditions. ~ The measurement technique is described in refer-

Changes of LED properties were observed i €nce [13]. If the DC voltage on a p-n-junction is V and

. an AC voltage of small amplitudsV induces a small
hours. Models are proposed to explain these changes. .
change of a chargkQ, then we can use an equation:

2 Experimental

Blue and green LED's based on,@e; ,N/Al,Ga.,/ AV = (dV/dQ) -AQ +(1/2)(d*V/dQ?) -AQ?
— 2
GaN heterostructures were studied; Dr. S. Nakamura ~(BQUWIeea®)s (BQ 812 ¢20eNIW) W
(Nichia Chemical Co) has sent the samples to us. [1] [6] e
The heterostructures had an InGaN single quantum well . .
active layer with thickness= 3.5 nm; the properties of (W- width of the space charge region , S — a square

these diodes were studied in references [6] [7] [8] [9 f the structureg - dlglectrlc constant, e —electron
[10]. harge, N — concentration of the charged centers). Two

The choice of aging conditions was made as follows\.IOItages’AVW andAVy , were measured separately

Estimations of changes of the LED characteristics wer&Sing an AC chargaQ of constant amplitude as a sum
carried out while increasing the constant current oveP Wo high frfaquency signals of nearby frequencigs
the range J=10-100 mA. Remarkable changes of spea@ndw,. The signalAVy was measured at the frequency
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Q = (w; - wy); the signalAV,y, was measured at the fre- hydrogen goes out of complexes and the charge of Mg-
quency ¢y +wyy2. Values of W and N, calculated from ions should be compensated by holes:
AV, and AV at different V, were plotted as curves

N(W). Mg-H = >Mg ™+ (+) + H. @
3 Experimental results. We suppose that in the 2nd stage the formation of
3.1 Changes of electroluminescence spec- donor defects which compensate acceptors prevails. A
tra. possible defect may be the Nitrogen vacancy: te

The intensity of EL spectra at 15 mA increased by 10 +robability of Vi formation in p-type GaN is apprecia-

40 % within the first 50-100 hours of operation (at 80bly higher than that of Gallium vacancies [10] [11]:

mA) for blue LED’s and within= 800 hours for green

LED's. The intensity fell slowly during the following GaN O Ga+V*y+(-)+N.

period,= 800-1000 hours for blue and > 1000 hours for

green LED's (see [10] [11]). The strong changes of the  Thege defects increase the probability of nonradia-

spectra were detected for blue LED's at low currents, J fe recombination. The sign of the charges in this equa-

0.15 mA, where the tunnel and the injection component§,, are given conditionally, they are not confirmed.

of the current are of the same order of magnitude. Thg,,ch a model explains the second stage of the aging

intensity of luminescence decreased, but the rEIatiVBrocess. In addition, there takes place a migration of

intensity of the tunnel band (studied in [6] [7] [8] [9] gefects on the borders of growth columns: the defects

[10]) increased about three times (see Figure 1). accumulate in "weak points" of maximal electrical field.
The intensity of the breakdown luminescence spect js possible in such a way to explain the growth of the

tra (studied in [10]) decreased in the process of agingunnel components of the current and spectra.
But the relative intensity of a yellow band (2.1-2.3 eV)4.2 Formation of sub-threshold defects by

mcreqsed (see Figure 2). It |s_known that the yellow lectron injection.
band is caused by complexes with structural defects [9]: . .
pe formation of structural defects in GaN at a rather

we conclude that defects are created on the borders X
the space charge region, where the recombination tal V\_/te_mperaFure (aboqt T=370 K) needs to be exp!amed.
place. is is possmlg by using a model of defegt creation by
hot electrons in p-n heterostructures. This model was
3.2 Changes of electrical properties. developed for GaAs-based structures and has explained
The changes of J(V) during aging are shown in Figure 3he aging processes in n-AlGaAs/p-GaAs heterojunc-
A tunnel component of the direct current at low V grewtions rather well [14]. It is supposed that the electrons
both for blue and green LED’s. The series resistance Receive an additional kinetic energy crossing the hetero-
(sufficient at higher J) grew during the 2nd period oflunction with a conduction band offset. These hpt elec-
aging. Defect formation depended og(Bee the discus- {rons transfer_the_energy to the atoms that are displaced.
sion below). The assumption is based on the experimental fact that

) . the defects are formed over a depth of about the mean
The effective concentration of charged acceptors on b

the p-side of the blue LED's junction grew by 10_15%1‘ree p')ath.flp from the heterojunction boundary (not on
during the 1st period of aging; during the 2nd period ( th€ diffusion length, | >> 1,).
1000 hours) it fell (see Figure 4). The width of the space Electrons injected from the n-side of a heterojunc-
charge region grew by only30%. The CCEC of green tion into the p-layer have an enerfyi relative the bot-
LED's slowly grew for 600-800 hours by 10 % and tom of the conduction band in the quantum wif: >>
after that fell insignificantly. It is to be noted that the KT:
change of CCEC takes place over a distance 48-80
nm, of the same order of magnitude as a mean free path AE=E-E>AE; =Ecp—Ecy >>kT. ®
1¢, (see an estimation below).

Electrons should give this energy back at the other

4 Discussion side of a well (on the p-side, see Figure 5a). The average
4.1 Model of growth and fall of the lumines- energy of electrons remains the same as on the n-bound-
cence efficiency. ary at a voltage of about a contact potentiad; §j(see

A model of the 1st stage may be as follows. There arkigure 5b). There are compensated layers in the investi-
residual complexes Mg-H in the active layer; electrongated structures on both sides of the quantum well [7]
at high injection currents can disrupt them so, that thé8] [9] [10]. AtV > ¢, most of the forward voltage falls
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on the quantum wells in the layers. Electrons get addi- & =JW(AE) exp(-v,) vy dvy [ exp(-vy)dvy [ exp(-v)dv, / [[] vifodvydvydv,
tional energy in the electrical field of the compensated ®
layers over a mean free pagh (see Figure 5c).

Kinetic energy of electrons at a high current density  Wherev; = m*v;%2kT, fy is the distribution function
can be transferred to a lattice during the relaxation timef electrons in the n-emitter, anglare components of
on a length of the orde{plnot only by phonon scatter- the electron’s thermal velocity.

ing, but also by sub-threshold defect formation. It432 Distribution of created defects versus time and

should occur either in the compensated layers near thestance.

active layer, or in the p- space charge layer. Let's assume that the diffusion of generated defects is
If electrons transfer energy to the Mg-H complexesjow, and we may neglect the electrical field in the con-

the reaction of breaking the complex and activating theidered area. Then the concentration of the displaced

Mg-acceptor (equation (1)) will go with a high probabil- intrinsic atomsAN, changes in time t and distance x

ity. This mechanism will take place mainly on the bor-5ccording to the equations:

der of the active layer in p-AlGaN. The threshold energy

E, of breaking the complex Mg-H is greater than the
d g P g g ANg = G(X) To(T) [1-exp(~t fto(T);

thermodynamic Frenkel energy; estimates have given a G(X)=NgYo(x):
value of =4 eV. Yo(¥) = (3/2)(a) &0 a(x) gp ;
a(x)=exp(=x/lg,) [1-exp(-x/lg,)] exp(=x/Lp), (6)

It is known that at high temperatures nitrogen leaves
the GaN lattice as a gas,,Nforming vacancies ¥ ] ] ] .
[15]. If hot electrons transfer an energy to the lattice Wher(_a Ny '_S the cpncentratlon at the_tlme t=0, a(x) _'S
breaking the Ga-N bond, the formation reaction forthe spatial d|§tr|but_|0n of thg generat_lon rate_ of point
defects (equation (2)) will occur at lower T. It is to be defects, G(x) is their generation rate, j = J/S is the cur-
noted that the formation probability of equilibrium rént density, g is the electron charggis the character-
donor vacancies yis higher in p-GaN [16]. istic relaxation time of defect displacemeng, Is the

The processes of Mg- activation ang bfeation are diffusion length,o, is the cross-section of hot electron
simultaneous. At the 1st stage the Mg- activation preinteraction with the atom. This dependence will saturate
vails, but it is limited by a low Mg-H concentration. At With time with a time constan(T).
the 2nd stage thep/creation prevails and it is not lim- The change of concentration of Mg-H complexes,
ited: N- atoms are intrinsic in the lattice. A dynamic whose concentration is less than the concentration of
equilibrium concentration of N- vacancies will be estab-intrinsic atoms, << Ny, is described by an equation:
lished at a long aging time.

4.3 Analysis of the sub-threshold defect Ni (x,t) = Nio [() T(T) (vi(X) T(T) +1)] {1-exp(=t(vi(x) T(T) +1)/
formation. (M} o

4.3.1 Probability of atom displacement by hot electrons.

The theoretical analysis will be done for sub-threshold wherey,(x) andt(T) are analogous to the parame-
defect formation during hot electron injection by anters Yo(X) and §(T) in equation (6). The dependence

analogy with the theories of the high energy particIeANk (x, 1) is described by the equation
interactions with atoms of a crystal [17]. The main dif-

ference consists of the fact that the energy of hot elec-
trons,AE, is orders of magnitude less than the threshold AN 0 =Nyo {1-exp(- %) D} ®
energy F of atom displacement. In this case the process
of interaction goes through the excitation of an elec- It_ is assumed in this equation that the concentration
tronic subsystem [17] [18]. The displacement of atonfVko i rather low and that the hydrogen atoms have a
in a lattice by electrons with kinetic energ§ has a high probability to exit the lattice at high values of
probability: T (T).

The value of the mean free path is of the order

W(AE)~ exp(-E4/AE). @ li= 3.10° cm; it is included in the expression for a(x)

where E is the displacement threshold energy. ThedSSUming an electron mobility of 400-600 “vhs

effective probability of displacement integrated over aIIWh.ICh IS dej[ermme.d mainly by the lattice pho_rl10n scat-
energies\E and velocities y is equal to tering. The interaction cross-sectiap= (N, It ) "may

be assumed to be 9-1017 cn?. Let us take values of
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t=1=10°-10° hours from our experiments at J = 80 mAInternatiofnaIf Sorols Science  Education
. Program for financial support.
(j = 80 Alcnf) for blue LED's. g PP
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Figure 1a. Luminescence spectra of a blue LED at J = 0.15
mMA( spectra are normalized at the maximum of the blue line);
numbers at the curves are the hours of aging at J = 80 mA.
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Figure 1b. Luminescence spectra of a green LED atJ =0.15
mA; numbers at the curves are hours of aging at J = 80 mA.
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Figure 3. Current-voltage characteristics of a blue (b) and a
green (g) LED’s before (1) and after (2) aging at J = 80 mA
during 800 hours.
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Figure 4. Distribution of the effective charged centers
concentration on the p-side of the space charge region of blue
(b) and green (g) LED'’s before and after aging at J = 80 mA: 1)
t=0; 2) t=250 hours; 3) t=1000 hours.
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Figure 2. Breakdown luminescence spectra of a blue LED at J
= - 4 mA; numbers at the curves are hours of aging at J = 80
mA.
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Figure 5. A model of electron transfer from the n- to the p-side
of the heterojunction with a compensated layer: a) - gf\J%)

at U=¢,, c) at U>¢; 1 - n-GaN; 2,4 - compensated layers; 3 -
InGaN (the active layer), 5 - p-AlGaN.
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Figure 6. Changes of the effective concentration of charged

centers in the space charge region of heterojunctions of blue
(upper, at x = 0.67, a) ) and green (lower, at x = g,1b)
LED's, lgp= 3.10% cm. Values of x and points -squares-
experimental data (Figure 4); points — circles luminescent

intensity at J = 15 mA (right scale); curves - calculations by
equations (6-8).
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