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DEGRADATION OF SEMICONDUCTOR DEVICES:
NON-DESTRUCTIVE DIAGNOSTICS

HaBeneno orusa  MexaHi3MiB — JIeTpajailiiHUX — MPOIECIB Yy HAMIBIPOBINHWUKAX  Ta
CKCIICPUMCHTANBHAX ~JaHUX TIIPO JCTPANAIliiiHi sBWIA Y HAMBIPOBITHAKOBUX MpHIamax
onToeeKTpoHiku. [IpeacraBieHo HEpyHHIBHI METOJM JiarHOCTUKHM JErpalalliiHuX IMpoIeciB, 110
0a3yr0ThCs Ha aHali3i eNeKTPUYHUX i CBITJIOBUX XapaKTEPUCTHK Ta MOASAPU3ALil BUTPOMIHIOBAHHS B
PI3HUX JieJEeKTPUUYHUX CEPENIOBHUINAX, BUMIPIOBAHHI MIPOCTOPOBOTO PO3IIOIILY BUIIPOMIHIOBaHHS Ta
(pOoTOUYTIMBOCTI, aHAITI31 HU3LKOYACTOTHOTO CIIEKTPY HIYMiB.

[lpuBenen 0030p MEXaHU3MOB JETPaJallMOHHBIX MPOIECCOB B  MOJYMPOBOJHHUKAX U
SKCIEPHUMEHTANBHBIX JaHHBIX O JETPAJAllMOHHBIX SIBICHUSX B IOJYIIPOBOJHUKOBBIX IPUOOpax
ONTOANEKTPOHUKU. [IpeacTaBieHbl Hepa3pylIalOlIMe METOJbl JUACHOCTUKHU JerpalalldOHHBIX
MPOLECCOB, OCHOBAHHBLIC HA AHAIMU3€ BJCKTPUUYECKUX M CBETOBLIX XAPAKTEPUCTUK M MOJSIPU3ALMH
W3JIyYEHUS] B PA3JIMUHBIX JMIJEKTPUUECKUX CPEAAX, UBMEPEHUU [TPOCTPAHCTBEHHOIO PACPE/IE/ICHHUSI
M3ITY4YCHUS U (POTOUYBCTBUTEIBHOCTH, aHAJIM3E¢ HU3KOYACTOTHOTO CIIEKTPA IITYMOB.

General insight into mechanisms of degradation processes in semiconductors is given, as well
as some of experimental data on degradation phenomena in optoelectronic semiconductor devices.
Non-destructive techniques for diagnostics of degradation processes are presented, based on analysis
of electrical and light output characteristics, as well as polarization of emission in different dielectric
mediums, measurements of spatial distributions of emission and photosensitivity, analysis of low-
frequency noise spectrum.

Introduction. Degradation processes, changing the performance parameters of a
semiconductor device during its operation, reflect general properties of solids: interactions
between exited states of atomic and electronic subsystems, as well as relations between
order and chaos. Excitation of these subsystems is usually produced by electric field, cur-
rent, ionizing radiation, and interactions with the ambient atmosphere.

There are several reviews of degradation phenomena [1-8]. Numerous studies showed

that degradation processes in semiconductor devices have some specific features. The

recombination-enhanced defect reactions (REDRs) and charge-state dependent defect reac-
tions between contamination impurities (such as Cu, Li, Au, Fe, O), doping atoms (Zn, O,
Al etc.), and intrinsic defects (vacancies, interstitials, antistitials, such as Asg,, and their
clusters), as well as multiplication of dislocations, occur in heterogeneous and inhomoge-
neous systems, in presence of potential barriers, in strong and non-uniform electric fields
and under non-uniform mechanical strain. Such techniques as deep-level transient spectros-
copy (DLTS), thermally stimulated currents (TSC), and C-} measurements, giving average
characteristics of an actual structure, have a very restricted application to the reliability di-
agnostics of semiconductor devices.

The purpose of this paper is to give a general insight into mechanisms of degradation
processes in semiconductors and to present some of experimental data on degradation phe-
nomena in semiconductor devices, as well as to refer to some non-destructive techniques
for diagnostics of degradation processes.
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1. Degradation mechanisms due to reactions of point defects. In early studies on
degradation phenomena, it was established that degradation processes are connected with
transformations in the spectrum of point defects [9]. Vacancies and interstitial atoms were
produced in alkali halides by ionizing irradiation. It was clear that these phenomena have a
subthreshold character [9-15]. The binding energy of atoms in most semiconductor materi-
als amounts >10eV. According to the momentum conservation law, a direct displacement
of atoms in a semiconductor can occur under irradiation by photons with energy > 300keV.
And the experiments showed that point defects were generated by photons with energies of
few eV.

The fundamental cause of subthreshold degradation effects in solids is the Frank-
Condon principle. Transitions between the electronic states due to photo-excitation or re-
combination require such a short time Az, that atoms practically do not change their posi-
tions for this time. Thus the electronic transition causes an impact excitation of the atomic
subsystem. On the other hand, because of a strong difference in mass between electrons and
atoms, the full energy of the electronic subsystem plays a role of a potential energy compo-
nent of the atomic subsystem. Therefore the electronic transitions change binding energy of
atoms and the energies of their vibrational states.

The mechanisms of quasi-chemical defect reactions caused by an excitation of the
electronic subsystem are connected with (a) ionization of intrinsic and/or impurity atoms in
a crystal [11, 12]; (b) creation of a short radius exciton and subsequent predissotiation of a
quasimolecule [13-15]; (c) by impact excitation of the vibrational subsystem of a quasi-
molecule by nonradiative recombination of electrons and holes [16, 17]. The ionization
model [11, 12] takes into account a change in the effective charge of an intrinsic or impu-
rity atom as shown in Fig.1a. In the ground state, a negative ion (in an ionic crystal) is sur-
rounded by positively charged atoms. When an electron is removed from its orbit at the
central ion A, the surrounding atoms begin to vibrate between new equilibrium positions. If
the vibrational energy is concentrated at one of the atoms, this can result in a shift of the
atom into a new position in the crystal. A similar process in a covalent crystal [18] is shown
in Fig.1b. The central atom A is bound to four other atoms by electron pairs. And when a
bond (dashed line at the left) is broken, the atom can be “thrown” off by three other bonds.
An edge atom A at a dislocation can be displaced in a similar way, as shown in Fig. lc.

Fig.1d represents a configuration diagram for an explanation of such a quasi-chemical
defect reaction. The curve depicts the dependence of the “potential” energy U of the quasi-
molecule on some configuration parameter x. The equilibrium state of the quasi-molecule
corresponds to x=A4 and the vibrational energy F£,. An additional energy AE) is required for
a transition to the state localized at x=C. A recombination enhanced defect reaction
(REDR) [5] can occur, when, as a result of an electronic recombination- (or excitation)
transition, the quasi-molecule goes to a point 4’ above the ground state. The probability of
the 4’ — C transition can be written as

w=w, expl- (A, — E,) (KT)]. (M

where E, is an energy contribution caused by electronic excitation [19] ( it is implied
E. < AE,). The coefficient w, is different in several models [5, 6]. In the optimum case,
when the electronic energy is transferred directly to the vibrational mode required for the
A —> C transition of the atom, £, is equal to the energy released by the electronic transition.
This case is realized for a number of defects in I1I-V compounds [5]. According to Eq. (1),
in the case of E,<AE,, an electronic excitation reduces the thermal dissociation energy of a
quasi-molecule. When the energy of the electronically excited state of the quasi-molecule is
higher than E,+AE,, the dissociation can be athermal. Athermal dissociation can also take
place, when the electronically excited state of the quasimolecule has a U(x) curve without
minimum.

It is evident that different charge states of a quasimolecule should have different U(x)
curves. Therefore changing of the charge state of point defects by doping, injection or
photo-excitation changes (under some conditions) the thermal dissociation energy of photo-
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chemical reactions. The role of these “steady-state” effects (as compared to “dynamical”
effects, REDRs) should be enhanced with increasing temperature.

Fig.2 represents the spectrum of deep levels in the energy gap of degraded I1I-V
semiconductors, studied by DLTS (deep level transient spectroscopy) [20-21], thermo-
stimulated currents [22-23], tunnel spectroscopy [23]. The most important of these levels
are ascribed to centers containing Cu, Asg, ( E> - center), Si, O, Zn [6]. But the nature of a
great number of centers and their role in degradation phenomena is unknown.
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Fig. 1. Schematic of defect reactions in (a) ionic crystal; (b) covalent crystal; (c) at a
dislocation. Section (d) presents the corresponding configuration diagram

2. Degradation mechanisms due to dislocations. Degradation of diode lasers and
light-emitting diodes is often associated with the development of dark line defects (DLDs)
[1-3]. DLDs are usually observed as sets of lines with lowered brightness of photo-, cath-
ode- or electroluminescence. The nature of DLDs in III-V compounds is well studied by
transmission electron microscopy (TEM) [24-25]. It has been established that DLDs are
formed by 3-dimensional sets of dislocations, containing dipoles of a length of 1-5p, dislo-
cation loops of 2-30nm and helicoidal dislocations. The Burgers vectors of the most dislo-
cations in DLDs are usually directed along <110> or <100> axes.

The first model of dislocation multiplication was proposed by Frank and Read [26].
The Frank—Read dislocation source is a dislocation segment pinned between two points A4
and B in a glide plane. Under an inhomogeneous stress, the dislocation segment is bent by
glide, and finally a dislocation loop is formed encircling points 4 and B, while the disloca-
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tion segment 4B is regenerated. The primary glide planes in III-V semiconductors are the
{111} ones and the dislocation glide occurs in <110> directions by formation of a double
kink on the dislocation line and its subsequent propagation along the dislocation line [3].
The models of the electronically enhanced dislocation glide invoke a change in the charge
of dislocation states (or double-kink states) [27, 28], or a contribution of non-radiative re-
combination to the activation of the double kink nucleation (or its propagation along the
GaAsP GaAlAs dislocation line) [29]. The a- and B- dislo-
7 cations gliding in appropriate <110> direc-
tions in III-V compounds have different
energy bands, different recombination ac-
0.8 tivities and different recombination en-
’ hanced mobility’s. Some important fea-
tures of recombination-enhanced degrada-
tion processes in GaAs — AlGaAs het-
erostructures were studied in [26] by TEM
and cathode-luminescence observations,
using laser illumination combined with
indenting the structure by a Wickers pyra-
mid. Laser illumination with a photon en-
ergy of hv>E, generating electron-hole
pairs, substantially enhanced only one of
the two <110> glide directions (the [ one)
in the p - GaAs (or p - AlGaAs) “active”
layer of a laser-like GaAs—AlGaAs het-
erostructure [32, 33]. Therefore local
stresses could only be partly released by
the glide. The second step of the stress re-
laxation authors [32, 33] attribute to <100>
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Fig. 2. Spectrum of deep levels chang-
ing their concentration in degraded devices
on IlI-V compounds. E,, is the distance of

DLDs formation as a result of dislocation
climb. The <100> DLDs only developed
under light illumination, and their devel-

the corresponding level from the J-band. opment required a certain time (10 to 15

hours) [33], which was observed earlier in

[34]. The point defects needed for the
climb process may be generated by previously developed dislocations [32]. The inhomoge-
neous stress, required for the photo-activated dislocation glide, may be produced by fluc-
tuations of the material composition in heterostructures [35], or induced during processing
of a device [36].

3. Degradation and dislocations in semiconductor devices. A substantial decrease
in the light output of degraded light-emitting diodes (LEDs) and diode lasers (DLs) was
usually observed, while DLDs covered a small part of the active region [1, 2, 6-8]. There-
fore it was interesting to know, whether DLDs cause the observed reduction in the light
intensity, or they are a by-product of degradation processes. The second question was in
what way DLDs affect the steady-sate and transient characteristics of semiconductor de-
vices. And the third problem was the features of degradation processes in semiconductor
devices in comparison with those in bulk materials. We studied effects of passing direct and
reverse currents [22, 23, 37-43], laser illumination [44], y and X-irradiation [45,46], O" and
A, ion bombardment [47], axial pressure [49, 50] and indentation by a Wickers pyramid at
room temperature [SO — 52] on electric, photoelectric and electroluminescent characteristics
of p-n, p-i-n, n-i-n structures and Shottky diodes on I1I-V semiconductors. The most impor-
tant result of these studies was that the degradation processes are spatially inhomogeneous.
The most sensitive to the degradation processes is the “excess™ current, which is dominant
at low forward bias voltages and has tunnel-recombination nature [53, 54], as well as the
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tunnel-breakdown reverse current. The averaged thickness of the depletion region in the
studied structures was too high for tunnel processes. Therefore we concluded that the most
sensitive to degradation are the inhomogeneities of p-n and metal-semiconductor junctions,
which cause local narrowing of the depletion region [6]. /-} characteristic of the tunnel-
recombination current can be written as

¢ I =1, expleV/(nkT)); )
120(’)M- : where the “nonideality coefficient” is
[110] —» o [5354

=== 1= R4 _ 2 2 2
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| =171 /// , where m, is the effective mass of a
800 1 a b tunnelling carrier; W, is the coefficient in
0?2 the expression for the local thickness of the

depletion region
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V, is constant. An analysis of /-} char-
acteristics, based on Eqns. (2)+(4), permit-
ted to estimate the effective local thickness
of the depletion region in the corresponding
inhomogeneities of degraded p-n-junctions
to be of 5-30 nm.

The observed decrease in the light
output of LEDs at a fixed current, resulting
from current aging [23, 37] or local laser
illumination [44], was quantitatively ex-

Fig. 3. Dependence of the area of the
indentation spot (1) as well as the dark

area in electroluminescence immediately
after indentation (2) and after degradation
(3) on the indenter load. The insert shows
orientation of the dark area (dashed lines)
at different orientations of the indenter
pyramid (crossed squares) [50]

plained by the increase of local nonradiative
current component. The selective etching of
degraded structures showed that the local
laser irradiation created dislocations cross-
ing the p-n junction [44]. Therefore it was
concluded that the main effect of disloca-

tions (and the corresponding DLDs) in deg-

radation of LEDs was connected with the
nonradiative tunnel recombination in the depletion region at these defects. This conclusion
was reinforced by the study of the effect of dislocations, introduced by indentation with a
Wickers pyramid at room temperature, on the /-J characteristics and the electrolumines-
cence (EL) of LEDs on AlGaAs double heterostructures [50, 51]. The Wickers pyramid
was oriented with diagonals in <100> or <110> directions, as shown by crossed squares in
the insert in Fig. 3, while the surface was of (100) orientation [50]. When passing the direct
current, the near field of electroluminescence (EL) was photographed. The dark areas sur-
rounding the indentations were always practically square, and their orientation was inde-
pendent of the orientation of the indenter, as is shown by dashed squares g, b in the insert in
Fig. 3. The dark areas were formed by dark lines of <110> predominant orientation like
DLDs created by passing direct current [1], illumination [33], or electron-beam bombard-
ment. Curves | and 2 in Fig. 3 represent the effect of the indenter load F on the area S of
the indentation spot and the dark area, respectively. Linearity of the curve 2 and the inde-
pendence of the dark square orientation of the indenter orientation suggest that the edge of
the dark squares corresponds to a fixed stress, which was found to be of 200MPa, while the
destruction threshold, corresponding to the indentation area, was of 1.2GPa. Curve 3 in
Fig. 3 illustrates the effect of the indenter load F on the dark area formed around the in-
dented spot as a result of current passing during 100 hours. An analysis of curve 3 gives the
threshold stress of 160MPa for fast degradation of the active layer.
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Curves 1 and 2 in Fig. 4a represent the dependence of the light output on the current
in an AlGaAs LED double heterostructure (DHS), measured before (1) and after (2) a num-
ber of indentations [51]. It is seen that the dislocations introduced at room temperature re-
duce the light output, especially at low injection levels. Curves 1 and 2 in Fig.4bh show the
corresponding /-V characteristics, which are exponential, obeying Eq. (2). Taking into ac-
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Fig.4. Dependences of the light output on the current (a) and /-V curves (b) of an
AlGaAs p-n heterostructure before (1) and after indentations (2), correspondingly [50]

count that the entire area of the introduced dark squares is
S, <<S,, (5)

where S§; is the p-n junction area, we can conclude that the lowering of the light output
at a fixed current is caused by an increase in the non-radiative current component. The
dashed curve 2 in Fig.4a is calculated from the curve 1 assuming that the difference be-
tween /-V curves 1 and 2 in Fig.4b is only caused by the additional non-radiative current
resulting from indentations. A good agreement between the experimental points and the
dashed curve 2 in Fig.4a reinforces the conclusion [51] that the non-radiative current com-
ponent is concentrated at DLDs in the p-» junctions studied.

The main question of our work [48] was under what conditions mechanical stress can
produce dislocations in semiconductor devices in the absence of excess minority carriers.
The effects of axial pressure, passing forward and reverse current and heat treatment on the
electric and photoelectric characteristics of barrier structures Au—GaAs, Sn—GaAs, Au—
GaAlAs were studied [48]. Fig.5 shows /- characteristics of an Au—nGaAs structure,
measured before treatment (curve 1), after keeping the structure under axial pressure of
1,5MPa for 2000 h (2) and after annealing for 10 minutes at various temperatures. A com-
parison between curves 1 and 2 shows that a pressure of 1,5MPa is enough for degradation
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of Shottky diodes without electronic excitation. A similar pressure-aging of bare GaAs
crystals resulted in generation of dislocation sets, observed by the selective etching.

The “excess” forward and reverse currents in Shottky diodes, produced by pressure-
aging, were subject to annealing. The “excess” currents, produced by indentation of p-n
junction in I1I-V compounds, also could be partly annealed [51].

Fig.6 represents the time-dependence of the forward current measured at /= 0,3V in
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Fig.5. I-V characteristics of the direct current in an Au - GaAs junction: 1 - initial; 2
— after pressure-aging and after the subsequent isochronal annealing at 250° C (3), 300° C
(4), 350° C (5), and 400" C (6) [48].

Fig.6. Time-dependences of the forward current measured at /= 0,3 / in junctions:
Au—nGaAs (curves 1,2,5); Sn— nGaAs (3), and Au—pGaAlAs (4), subjected to an axial
strain of 3,5 MPa (1); 180 MPa (2); 4,3 MPa (3); 200 MPa (4), and 160 MPa (5). Curve 5
was obtained for a combined pressure + current aging [48]

Shottky diodes, subjected to various axial stresses (curves 1-4) and, additionally to the
stress, to passing a current of 10mA (curve 5) [48]. A comparison between curves 1 and 2,
measured on Au—n-GaAs junctions, shows that an increase in the pressure from 3,5MPa to
180MPa accelerates the degradation process by more than one order of magnitude. Passing
the forward current of 10mA during the pressure-aging causes a further strong acceleration
of the degradation, as evident from curves 2 and 5. At the current density of =I A/cm’, used
for the aging of a Shottky diode, the minority carrier injection could be neglected. There-
fore this observation showed that degradation of stressed Shottky diodes can be substan-
tially enhanced by current passing without recombination of electron-hole pairs. A com-
parison between curves 1, 3 and 4, obtained on Au—nGaAs, Sn—nGaAs and Au-pAlGaAs
junctions, respectively, shows that degradation can be accelerated or suppressed by the
choice of metal and semiconductor material in Shottky diodes [48].
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4. Degradation and EL decay time in LEDs. Degradation of LEDs causes shorten-
ing of the decay time t. of EL [6]. We proposed a model of this phenomenon, taking into
account that the non-radiative tunnel recombination is located at DLDs and the surface
[52]. Diffusion of electrons, injected into the active region, in the junction plane cannot
substantially shorten t. because of relation (5).

Fig. 7 is a schematic of a p-n structure [52] containing dislocations. There are a sur-
face depletion layer S and dislocations D; and D,, the latter of which is assumed to be deco-
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Fig. 7. Schematic diagram of a p-n structure with a surface depletion layer (S) and dis-
locations (D; and D,) crossing the p-n junction [51]

Fig. 8. EL decay curves measured for GaAlAs DHS (curves 1-4) and GaP LED struc-
ture (curves 5, 6) by using current pulses: 1 — 50 mA; 2 — 100 mA; 3 —400 mA; 4 -1 A4;
5,6 — 2 A. Pulse duration was 400 ns for curves 1-5 and 20ns for curve 6. The dashed
curves are calculated [51]

rated by shallow donors. The shortest way for an electron, injected into the p-region, to re-
combine with a hole at the dislocation after an injection current pulse is to pass back into
the n-region, as shown by arrow 1. Because of the neutrality condition, practically simulta-
neously electron 2 (or 3) recombines with a hole at a dislocation or at a deep level in the
depletion layer at the surface (arrow 4). We simulated these processes in approximations of
a thick (W,>>L,) and thin (W, <<L,) active layer, where W), is the thickness of the p-layer;
L, is the electron diffusion length [52].

Fig.8 shows the EL decay curves d(t) obtained for two LED structures. Full curves 1—
4 were measured on GaAlAs DHS after passing current pulses of duration of 400 ns and
various amplitudes. The dashed curves were calculated. Curves 5 and 6 in Fig.8 represent
the EL decay measured in a dislocated (by indentation) GaP LED structure after passing
current pulses I= 2 A of a duration of At=400 ns (Az > 1, where 7 is lifetime of electrons)
and A=20 ns (At <<t), respectively. Such measurements were made on a number of
GaAlAs, GaAsP and GaP LED structures, some of them were degraded by passing current
or laser illumination, and others were indented by a Wickers pyramid [52]. The experimen-
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tal data indicate that the local non-radiative recombination at dislocations leads to a non-

exponential EL decay. The dislocations shorten the EL decay, especially on its “fast” stage.

A comparison of calculated EL (or PL) decay curves with experimental data can be used for

estimations of the bulk lifetime and some parameters of the non-radiative current compo-
nent [52].

5. Polarization- and spatial characteristics of degraded laser heterostructures.

The most sensitive methods for detection of strain in semiconductor structures and, particu-

o larly, in DLs and LEDs are based on

c, % .

polarization-resolved measurements of

jj photo- and electroluminescence [36,

49, 55-58]. These methods, which use

5MPa, 17°C ~ splitting of the heavy- and light-hole

/ subbands in a deformed III-V crystal,

12

enable to measure an elastic deforma-
_/ tion of 0.01%. Fig.9 represents the de-
. gree of polarization p of the electrolu-
ANy . minescence of an AlGaAs double het-
erostructure DL, measured under dif-

ferent pressures at various tempera-
I tures, as a function of the current /

5 MPa, 60°C [49]. Curve 1 was obtained before, and

/|
‘% o on curves 2—4 after passing a direct cur-
rent of 60mA under an axial pressure
T

4 ]
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° 0
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of 25MPa for 4 h. A comparison be-

4 \ o tween curves 2 and 4 shows that the
25 MPa, 17°C de f polarization p substantiall

gree of polariza p y

' changes with stress, which enables to

0 20 40 60 estimate the strain in the active layer.

I, mA And the “excess” polarization at low

currents (I<10mA), which appears after

Fig. 9. Degree of pO]&I‘iZ&tiOl’l as a func- degrada‘[ion, can be exp]ained as a re-
tion of current in DL: 1 — before degradation; sult of the tunnel radiative recombina-
2—4 — after degradation. Pressures and tem- tion at inhomogeneities of the p-n junc-
peratures are indicated on the curves [59] tion [49]. Such inhomogeneities lead-

ing to deviations from the planarity of

the depletion layer, as well as to a local
thinning of this layer may be located at dislocations crossing the p-n junction. An inverse
phenomenon — the Franz-Keldysh effect at dislocations in degraded I1I-V semiconductors
was reported in [32].

Degradation processes in semiconductor lasers are inhomogeneous. The profile of the
radiation intensity on a resonator mirror (the near-field distribution) of a laser with stripe-
geometry is shown in Fig. 10a and b, accordingly, before and after degradation [59]. The
stripe width was 15 p. It is seen that degradation leads to a significant narrowing of the near
field. Degradation strongly affects the angular distribution (the far field) of laser emission
as shown in Fig. 11 [59]. Curve 1 measured before degradation has two symmetric maxi-
mums which are characteristic for stripe-geometry lasers. Curve 2 measured after degrada-
tion is not symmetrical and has a number of maximums. This effect can be ascribed to one
of two different mechanisms: non-uniform degradation of the mirrors or bulk degradation
of the active layer. These mechanisms can be discriminated by measuring the output char-
acteristics of the laser in air and in a dielectric liquid [60]. The threshold current of a laser is
determined in one-dimension approximation as
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1, =1,+ ]—(a + ]—ln 1—) > (0)
i) L r

where /, is the current which corresponds to the forming of inverse population; S is the
differential pumping efficiency, which is the coefficient in the relation

@, arb. units @, arb. units
10 10

Fig.10. Near-field distribution of the laser emission: a — initial; b — after degradation

g=p80-1,), (7
g is the gain coefficient; I"— the filling coefficient; L is the resonator length; 7 is the re-
flectivity of the laser mirrors

r=(n,—n)/(n, +n), (8)

n, and n are the refractivity coefficients of the semiconductor and the ambient medium,
correspondingly. It is seen from (6) and (8) that enhancing » by placing the laser in a trans-
parent liquid increases the threshold current. This leads to an increase in the concentration
of current carriers injected into the active layer and as result to reaching the inverse popula-
tion in degraded places of the active layer. Therefore, if degradation is located in the active
region (and not in the mirrors), placing the laser in a dielectric liquid must destroy the addi-
tional maximums in the far field. It takes place in the studied degraded lasers, as seen com-
paring curves 2 and 3 in Fig. 11 [59].

Curves 1 and 2 in Fig 12 represent the output characteristics of a laser diode, meas-
ured in air (n=1) and in turpentine (n=1.47), respectively, before degradation. From an
analysis of these characteristics, using equations (6)—(8), we estimated the differential
pumping efficiency =0.40 ma'cm™ and the absorption coefficient o=18 cm™ [60, 61].
Similar measurements give for the laser after degradation 0=100 cm™ and =0.68 macm™.

6. Local breakdown of p-n junctions. Degradation processes in p-n junctions under
passing reverse currents were studied in [42, 62]. When the reverse current used for aging
was low enough, this treatment resulted in some increase in the avalanche breakdown volt-
age and stabilization of the breakdown in p-n junctions in III-V semiconductors and Si [42,
62]. Passing higher reverse currents, in a regime of limited avalanche breakdown, lowers
the breakdown voltage.
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Fig. 13 represents the reverse branches of the /- characteristics of a Si p-n junction,
measured before and after degradation [62]. Before degradation /-J curve 1 exhibits ava-
lanche breakdown at /=380/. Curves 2-4, obtained at temperatures 296K, 333K, and 373K,
correspondingly, after degradation, show gradual breakdown, and the current increases with
the temperature. The noise spectrum of the reverse current of this p-» junction, which was
monotonous before degradation, has a maximum, as seen from Fig.14. Curves 1-3, meas-
ured at temperatures 296K, 333K and 373K, respectively, illustrate lowering the noise
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Fig. 11. Far-field distribution of the laser emission: 1 — initial; 2 — after degradation;
3 — after degradation, measured in turpentine

Fig. 12. Output characteristics of a laser diode, measured in air (1) and in turpentine

maximum with rising temperature. Analogous results were obtained for I1I-V LED struc-
tures, and sometimes low-frequency noise maxima were observed before degradation, in
samples exhibited higher “excess” currents. A model of the reverse current oscillations in a
p-n junction was developed [62], taking into account tunnel transitions from deep centers to
the conduction band and the impact ionization of these centers in some inhomogeneities in
the depletion region. Presence of these oscillations may be used in the reliability diagnos-
tics of p-n structures and integrated circuits.

Inhomogeneities in p-i-n photodetectors can be studied by photoscanning techniques
[63]. Fig. 15 displays a distribution of the photocurrent over a section of the photosensitive
area of a Si p-i-n photodiode, measured at a pre-breakdown voltage. In this regime the in-
homogeneities, at which the avalanche multiplication of the photocurrent occurs at lover
voltages, are seen as “mountain ranges”. Another kind of inhomogeneities is connected
with deep levels located in i-layer of a p-i-n structure [63]. These inhomogeneities are de-
tectable only at low reverse voltages, where the changing occupation of the related centers
gives a substantial contribution to the space charge distribution (and voltage profile) in i-
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region. At low voltages, these inhomogeneities are seen as areas of a lower photo-
sensitivity, and at higher voltages they do not affect the photocurrent.
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Fig. 13. Reverse branches of /-} characteristics of a Si p-n junction, measured before
(1) and after degradation (2—4) at temperatures 296K (1, 2), 333K (3), and 373K (4) [62]

Fig.14. Noise spectrum of the inverse current in a degraded Si p-n junction, measured

at temperatures 296 K (1), 333 K (2) and 373 K (3) [54]
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Fig. 15. Photo-current map, measured in a Si
p-i-n photodiode under pre-breakdown voltage [55]

Conclusions. Degradation
processes in semiconductor devices
usually originate at inhomogeneities
of the depletion region (associated
with dislocations, surface,
precipitations etc.). The cause of
this is high local strain, high local
impurity concentrations (>10" cm’
’) and their gradients, high local
electric fields (10* —10° V/cm), high
local current densities
(>10* A/cm?). Besides REDRs and
related effects, the non-uniformity
of the current flow leads to the
agglomeration of mobile ions at the
inhomogeneities. These processes
can create a positive feedback: an

inhomogeneity — enhanced field and current density — REDRs + ion agglomeration —
inhomogeneity development (an increase in the local defect density and generation of dis-

locations).

Dark line defects (DLDs) generated in LEDs and DLs during their work take small
part of the active layer area and cannot significantly affect the life time of injected minority
carriers. Generation of dislocations and related DLDs causes an increase in excess currents
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due to phonon assisted tunnel recombination at related deep states. The decrease in EL in-
tensity of degraded LEDs is quantitatively explained by non-radiative nature of such re-
combination.

The most sensitive techniques for detecting of inhomogeneities in semiconductor
structures with potential barriers are based on an analysis of /~} characteristics of excess
forward currents due to phonon assisted tunnel-recombination and tunnel reverse currents.
These currents exponentially depend on the local depletion region thickness and, conse-
quently, on the local impurity (defect) concentration.

A significant role in the degradation of semiconductor devices plays mechanical
stress. A stress of 1,2 GPa is destruction threshold for GaAs in (100) plane; 200 MPa corre-
sponds to DLDs generation within minutes, 150 MPa — during 100 hours of current ageing.
An uniform pressure of 1,5 MPa causes strong degradation of GaAs bulk material and Au—
GaAs Shottky diodes within 1000 hours without passing current. Passing forward current
(without minority carrier injection) in stressed Shottky diodes strongly accelerates degrada-
tion processes.

Local recombination at dislocations and surface significantly shortens the decay time
of electroluminescence due to extraction of injected minority carriers and subsequent cap-
ture by related states. Time-resolved electroluminescence measurements give information
about the local non-radiative recombination and can be used especially at high injection
levels, where I-V characteristics are affected by bulk resistance.

The polarization- (especially, polarization- + spatially) resolved electroluminescence
measurements give valuable information on strain in the active region of diode lasers and
LEDs, as well as information on tunnel radiative recombination at inhomogeneities leading
to local narrowing of p-n junction.

Measurements of near- and far-field distributions of laser emission of DLs with stripe
geometry can be used for a study of non-uniform degradation of the active region. Bulk-
and mirror-mechanisms of degradation of DLs can be discriminated by measuring the out-
put characteristics of the laser in air and in a dielectric liquid. These measurements can be
used for estimation of phenomenological parameters of the laser, such as absorption coeffi-
cient a and differential pumping efficiency £.

An analysis of the low-frequency noise spectrum can be used for diagnostics of deg-
radation processes in complex systems. And very informative for reliability diagnostics of
optoelectronic devices are measurements of the spatial distribution of photosensitivity in
pre-breakdown regime.
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