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Abstract. In our recent investigation [1] on red GaP LEDs we
reported that the decrease of quantum efficiency after aging is
accompanied by a change of the ideality coefficient 3 of (I — U)
characteristics (I = Iy expqU/BkT) and the change of the slope
of capacitance—voltage (C' — U) characteristics. In the latter we
have observed a maximum after the dependence U ~ c-1/2
changed to ~ c1/3,

Keywords: current—voltage characteristics of LED, ideality coef-
ficient 8 of (I — U) characteristics, slope of capacitance—voltage
(C — U) characteristics of LED, model of shunting regions of p-n
junction in LED, contact resistance Ry of “semiconductor—metal”
structures, polarizing mechanism forming conductive cords in di-
electric structures, occurrence of a double injection in dielectric
structures.
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1. FUNCTIONAL SEMICONDUCTOR DEVICES
WITH ACTIVE BARRIER STRUCTURES

Two groups, A and B, of LEDs are investigated under identical testing con-
ditions. The difference between these groups are only different crystallization
velocities in the LPE process. For group B the crystallization velocity is five
times higher than for group A. The change in crystallization velocity changes
the structure defect density in the p-layer and in the region of the p-n junction.
In this way one can compare the LED characteristics with different densities
of structural defects prepared under otherwise equal conditions.
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Two new groups C and D were investigated with big amount of copper
solved in Ga-epitaxial solution, but the velocities of crystallization processes
were different.

For an explanation of the changes of quantum efficiency and electrical char-
acteristics of LEDs after aging we propose a model of shunting regions of p-n
junction with higher local conductivity. The general causes of their formation
are diffusion and collection of residual impurity atoms on dislocations which
are generated during the LPE process. The structural defects like to a linear
dislocation line which passes across the p-n junction. The density of dislo-
cations depends on the density of dislocations in the substrate and on the
velocity of crystallization. Part of the these generated dislocations has an exit
on surface, Fig. 1(a). The rapid diffusion and collection of impurity atoms
(more often copper atoms) in the volume of the dislocation take place under
the influence of the electromagnetic field at operating time of LEDs. In this
way regions of high conductivity are formed and they shunt the p-n junction,
Fig. 1(b).

Fig. 1. Model of shunting region forma-
tion: (a) dislocation growth from the n™
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On the other hand, the collection of impurity on the dislocations forms
additional tensions in the lattice and results in the lengthening of the closed
linear defects including those with an exit on the free surface, Fig. 1(c). This
process increases the dark area of the light emitting surface of LEDs.

The change of the slope (Fig. 2) and the appearance of the maximum
in C — U characteristics (Fig. 3) are connected with the changes of space
charge exclusively, because the shunting regions are formed by collection of the
residual impurities on the dislocations as it is shown in Fig. 1. For simplicity
the space charge of the p-n junction is approximated by parallelepiped (Fig. 4)
in which the shunting region, also with parallelepiped shape, is situated. This
approximation permits to account the common balance of the space charge of
the reverse biased p-n junction.

As the p-n junction is asymmetric the space charge is located in the higher
resistivity n*-region. This concerns the shunting regions also. The space
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Fig. 4. Model of the p-n junction space charge with shunting region
formed on a dislocation without an exit on the p-surface
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charge of the shunting region may be presented at arbitrary coordinate X in
the p-n space charge region as:

q (X) = ensthsthm (1)

where ngp, is the shunting region impurity concentration (ng, > n, the im-
purity concentration outside the shunting region); X, is the space charge
width of the shunting region (X,s, < X, the width of space charge of the
p-n junction).

If the space charge width of the shunting region is expressed by the formula
for an abrupt p-n junction:

Xpsh = (220U Jeng)]/?, (2)
the shunting region space charge is
q(X) = S [2ec0eU (X) ngp) /2. (3)

If N-shunting regions are included in the space charge region of the p-n
junction and occupy fraction v (1 > > 0) of the area of the p-n junction

(Z Ssh/Sp—n = 'y)N, it is possible to determine the average charge density
formed by the shunting regions only. This density is equal to:

Ny (X)

o = o = (1/Xn) 220U (X)na] 2 = o [U (CO12. - (4)

The total balance of space charge of the p-n junction includes the space
charge of shunting regions, the charge on deep levels, as well as the normal
p-n junction space charge resulting from shallow impurities. The Poisson
equation may be expressed by:

2
%(j() = % (prn + ot + Qsh) > (5)
where g, is the charge density of the non-shunting p-n junction, g; is the
charge density of deep level impurities.

The boundary conditions for solving the Poisson equation are derived from
the asymmetry of the p-n junction as the space charge is situated practically
in the interval X,, > X > 0. Outside of this region we suppose that the
semiconductor is neutral, i.e.
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According to our model the space charge density of the shunting regions
is increased considerably after degradation, because the impurity atoms are
collected there. Then the following condition takes place:

Tsh > (Op—n + 01) (7)

and the Poisson equation becomes very simple. From the analogous solution
[2] for the space charge depth it is possible to obtain a formula for the p-n
junction capacitance:

,71/3
C = e9Sp—n |3U (2ec0/0sp,) ] . (8)

This is valuable conclusion which shows that if the shunting space charge
density is higher than the normal (o, + o) p-n space charge density, a cubic
dependence between the capacitance and the reverse bias holds.

The validity of the case og, > (0t + 0p—y,) is connected with the rapid de-
crease of LED efficiency. This situation occurs at the first one or two hundred
hours of operating time. After this period of time the decreasing of quantum
efficiency becomes more slow in connection with deep level formation. In this
case the following condition takes place:

Osh + ¢ > O-pfn- (9)

When the photoionization of deep impurities in the space charge region
increases the space charge in the depletion region changes and respectively
leads to an alteration of the barrier capacitance.

For determination of this quantity it is possible to involve a simple degrada-
tion model for GaP LEDs, proposed in [3], where is the formula for concentra-
tion of nonradiative centers dependimg on operating time. The nonradiative
center concentration can be determined by this formula, if their capture cross-
section is known. But it must be noted that the clusters may be with different
structure and they will form different deep levels, respectively. This process is
connected with the changes in the ionized deep impurity concentration, which
are expressed:

ANy, /dt = —p0py Ny, (10)

where NV, is the concentration of nonradiative centers; o,, — the capture

cross-section of the nonradiative traps; ¢ — the density of the photon flux.
The essence of our method may be presented by following ideas: if the re-

verse biased p-n junction is irradiated with monochromatic light with photon
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energy E; < hv < K, the only possible mechanism of current carrier genera-
tion is that from the impurity level to the valence or conductance bands.

This is valuable conclusion which shows that if the shunting space charge
density is higher than the normal (o,,_, + 0¢) p-n space charge density, a cubic
dependence between the capacitance and the reverse bias holds. This fact may
explain the abnormal C'— U characteristics. The square dependence is valid at
low reverse bias, because the depth of total space charge is small and the small
amount of shunting regions is included there. In this case the usual Poisson
equation is solved.
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The change of the square dependence by the cubic one when o4, = (0p—n+
o¢) in the region around Up,. The theoretical curve is shown in Fig. 5, which
coincides up to the maximum with the experimental one. The maximum and
the change of slope after it may be explained by an increasing reverse current,
as a big amount of shunting regions is included in the space charge of the
p?t —nt junction. The average field intensity at the space charge may be
presented by formula:

Eq = U/ X, = (eUNx/2ee0)"?. (11)

The end of breakdown is connected with the heating of the sample. The in-
crease of p-n junction temperature increases the carrier concentration, and the
density of static charge due to ionization of deep impurities becomes higher
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also. Thus the slope of the characteristics becomes inversed. The reverse
current—voltage characteristic of LEDs after degradation supports this assump-
tion, because the considerable increase of reverse current is observed in the
same interval. This fact is connected with the heating breakdown.

The other abnormal phenomenon of LEDs after aging is observed on a
forward biased p-n junction, where the coefficient § of the current—voltage
characteristics increases. The change may be explained by the results obtained
in [3] for an asymmetric p-n junction. Because the carrier concentration of the
one side is higher than on the other, the diode current is carried out by one
type of carriers only in large current where b = p,,/p,; W is the compensation
region width; L — the diffusion length of holes; i, 11, — the mobility of electron
and holes, respectively.

The application of (12) gives a quantitative estimation of the current, if the
n-region of the p™* —n — n™ junction is large or if W/L > 0. If W/L — 0,
the dependence obtained in [3] transforms to a normal current—voltage char-
acteristic [I — Ipexp (qU/2kT)].

Shunt areas formation and deep levels in sensitive concentrations, influenc-
ing on current parameters of diode and transistor, increase the value of the
ideality factor as it is shown in Figs 6 and 7. In this case the relation be-
tween the width of the spatial charge and diffusion length of carriers increases
(becomes bigger than zero) because of length increasing of the spatial charge.

According to [3] the coefficient § can be determined by the formula:

2[b+ ch (W/L)]
b+1 ’

B = (12)
— diffusion of impurities with a small covalent radius into dislocations inter-
secting p-n junction, and forming shunt fields with a high conductivity;

— as main diffusing element are considered copper atoms, contained in the
synthetic semiconductor crystals in high enough concentrations, which are
with significantly smaller covalent radius than that of the main atoms of
the basic crystal,

— effective coefficient of copper atoms diffusion is defined assuming that the
quantity of accumulated impurities is proportional to the operating time
and temperature of p-n junction.

Radius of the dislocation tube is assumed to be equal to the lattice param-
eter of < 10 A. The copper diffuses into silicon as positively charged ion. The

coefficient of diffusion into n-type and proper silicon is [4]:

0.18 £ 0.01eV
Djny = (3.0£0.3) x 10~* exp <—e> ’ em2s L

T (13)
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of unused diode

Fig. 7. The factor ideality
of used transistors

Positively charged copper ions form couples with negatively charged ac-
ceptor ions-boron and consequently a portion of the dissolved copper ions is
stationary. The effective diffusion coefficient of copper in the silicon alloyed
with boron [5] is:

(—2090/T)
1+ 2.584 x 10-20 exp (4990/T) (No/T)’

Degp=3x10""exp cm?s™1. (14)

In p-type silicon the copper forms copper—copper pairs. The analysis shows
that they are formed between atom in node and atom in internode. The time
of the dissociation of the copper—copper couples is:

(15)

1.02 £0.07eV
TCu—pair = 147 x 10717 exp (—e> s

kpT

This equation gives time constant from 16 days to 9.5 years. The average
value is about 8 months. Process with such a constant can be completely de-
cisive for the slow degradation of silicon diodes and transistors. The lifetime
in n-and p-silicon varies in a different manner depending on copper concen-
tration. Influence of lifetime and its changes on volt—ampere characteristics of
p-n junctions is well described by the model of Stafeev [6, 7.

From the analysis of the above models, combined with the experimentally
obtained data, it is built a theoretical model for the slow degradation of diodes
and transistors, which are a major elemental base in electron equipment for
the management and control of NPP. For diodes and transistors the analytical
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forms of the model are represented by equations (16) and (17):
B = (0.066 £ 0.042) x Years + (1.49 £ 0.238) , (16)

hor = (—8.006 = 5.033) x Years + (162.758 & 28.473) , (17)

and graphically presented in Figs 8 and 9, respectively.

Figure 10 shows that the increase of the ideality factor § of tested diodes is
in the range 1.15-1.8. A similar picture was seen in the relative change of the
transmission coefficient of hgy of the transistors, which is shown in Fig. 11.

The observed changes in the studied parameters can be explained non-
contradictory with the assumption that they are mainly due to the high sol-
ubility and diffusion capacity and the specific behaviour of residual copper
atoms in silicon plates from which the tested specimens are made. On the
basis of the known values of the coefficient of diffusion of cooper into silicon
and the dynamics of the formation and destruction of couples of cooper ions
and precipitates, time constants of the degradation processes were evaluated
of about 15 days to more than 9 years.
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Fig. 8. Graphical presentation of diodes aging
as a function of (Y = 8, x = years)
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2. ELECTRO-CONTACT SYSTEMS [8]

The second main group of elementary base of electronic equipment of NPP
are electro-contact systems, for which are studied: ampere—volt features of
couple of pairs of contacts from each contactor for determination of contac-
tor resistance Ry; micro-hardness H of contact surfaces of unused and used
contactors independently of light and dark areas where they are detached;
ampere—volt characteristics for defining of surface-resistance R, separately of
light and dark regions of contact areas (of unused and used contactors).

2.1. Measurement and analysis of contact resistance
of contacts in mechanical contactor systems

The first and most important performance parameter for all contactor de-
vices with mechanical metal contacts (or metallurgical contacts, such as ther-
mocouples and some other control devices) is their contact resistance Ry. It
is extremely sensitive to any degradation processes and its quantitative values
are an indicator of whether the contactors have entered a phase of ageing or
are in conditions of normal operation.
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Fig. 12. Plan of a four electrod methodology:
(a) schematic; (b) equivalent
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Fig. 13. Volt—ampere characteristics of:
(a) old contacts; (b) new contacts
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Characteristic for the beginning of this degradation process is the rela-
tive increase of the contact resistance between the contacting pads, measured
in closed contact. For its determination a method is used for comparative
measurement of the residual potential difference between the contact spots
in operating position of the used and unused contactors of the same type.
Measurement is done by a four electrode methodology — a modified two probe
method, Fig. 12(a). According to the equivalent scheme shown in Fig. 12(b)
the residual potential difference Ui, registered by the voltmeter, is determined
by cross resistance of the contacts. Elements Ry and Ry represent the electric
resistance of the leading rails and Ry — the aggregate contact resistance of the
two contact spots (Ry = Ry1 + Rko):

Ry, = Ry1 + Ry = Ur2/1. (18)

The potential probes are located in close proximity to the contact spots, so
that the measured potential difference U;s reads the voltage drop mainly on a
high resistive component of the near contact layers, designated with Rj. Ref-
erence measurements of used and unused contactors of the same type replace
the absolute geometric calibration. This paragraph describes measurements
done to study the contact resistance of mechanical contactors. Described mea-
surements are non-destructive and are carried out under normal pressure on
contacts: of an activated contactor for normally open contacts and of non-
activated contactor for normally closed contacts and in currents comparable
to the nominal ones for operation. After summarizing the results, on selected
representative contact couples volt—ampere features are modelled. Further-
more, again on the selected contacts electric probe measurements are made,
as well as a study of microhardness and position by an X-ray microprobe.
Potential probes are placed as close as possible to the contact spots, so that
the measured potential difference Uyo reads the voltage drop mainly on the
high resistive component of the near contact layers, denoted by Rj.

Described measurements are nondestructive and conducted under standard
pressing on contacts: contactor activated for normal open contacts and non-
activated for normal closed contacts at nominal current operation,
Fig. 13(a, b).

2.2. Measurements of microhardnes

The study of microhardness of contactor spots is performed using microhad-
nessmeter. Measurements are conducted at room temperature. The pressure
on the indenter P could be selected in the interval 0.5-200 g. The average
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microhardness is calculated by software for a given loading:
H = AP/d?,

where the value of the constant A depends on the type of the selected indenter.
At the same time the deviations from the average value of H are calculated,
as well as the depth of indenter penetration into the specimen d. In order
to examine the profile of change in the microhardness as a function of the
penetration depth of indenter, measurements are carried out over a wide range
of load by at least such that it is possible to measure the fingerprint, to one
in which to reach a steady characteristic for a given material microhardness.

The method may also be used in carrying out the phase analysis. If the
specimen is multiphase and different phases are large enough to be indented,
microhardness of each phase can be measured. Since it depends on the compo-
sition, structure and type of processing the material, the resulting information
[3] appears useful for the study of the complex system and a contactor, in par-
ticular for their residual resource. This is shown in Fig. 14.
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Fig. 14. Microhardness dependence on the penetration
depth of indenter

Residual resource of contactor elements is evaluated by comparing the
slopes of the volt—ampere features of working and non-working patterns, and
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causes of degradation phenomena are determined by measurements of micro-
hardness and phase analysis of alloys, constituting the contact spots. For the
degradation determination it is used: (i) linear schedule in two points deter-
mines the rate of degradation for a period of 8 years; (ii) for a basic mechanism
of aging the diffusion of the metal atoms in the alloy is considered in less per-
centage as the formation of microphases and destruction of the contactor alloy.
As the main factors facilitating this process are determined: temperature, op-
erating current and time. Almost all unused contacts have linear volt-ampere
features and close contact resistances of several mf). Large part of the used
contactors is with linear volt-ampere characteristics but with higher contact
resistances and they have additional working time. The average characteristics
of both type are shown in Fig. 15.
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Fig. 15. Relative degradation changes of the three
investigated parameters for unused and used contactors

Similarities in the relative degradation changes of the three investigated
parameters and significantly greater number of contact sites of contactors in
many design variations have given the reason and a possibility to find a unify-
ing idea to explain the underlying processes, causing degradation of contactors

during operating process.
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3. INSULATION MATERIALS [9]

Electronic equipment management and control of various systems of power
Units No 5 and 6, comprising insulating material, are tested for the presence
of degradation processes, occurring in continuous use in background controlled
in sense of radiation according to safety standards in NPP Kozloduy at dif-
ferent weather conditions. Selected systems are operating in continuous mode
about 10 years and they have taken separate blocks containing different di-
electric materials (paint coatings, substrates for printed circuit boards, cable
insulation and electrical protection elements). There are measured dielectric
permittivity e, dielectric losses factor tgd, and specific resistivity p of used
dielectric materials and insulators for cables of electronic equipment of NPP.
The resulting values are averaged over all measured patterns and compared
with available tabulated values for the specific insulating materials. The com-
parison is made with the table data, since it is well known that in the dielectric
material degradation changes were observed in time without being subject to
any real exploitation. The measurement of main parameters of the identi-
fied models is performed and analyzed by a theoretical model according to
which upon degradation of dielectric and insulation materials the electrical
conductivity increases at operating voltages. This is related to a change in
the polarization mechanism of dielectric dipole structure or the occurrence of
double injection.

3.1. Volt-ampere characteristics

It is examines the linearity of the volt-ampere feature of the tested speci-
mens, as the voltage is changed from about 200 to 1000 V with a step of 50
V. If the ratio current/voltage is not preserved, these are symptoms of several
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Fig. 16. Three types of volt-ampere characteristics of dielectric materials
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possible processes, namely: a change of the polarizing machanism, forming

conductive cords, or the occurrence of a double injection in a dielectric, which

can be considered as wideband semiconductor. Data obtained from three types

are shown in Fig. 16(a, b, ¢):

a) the majority (about 80%) has no strong deviations from the linear character;

b) in another group (about 10%) there are horizontal initial sections in the
volt-ampere features which are offset relative to zero of the abscissa. This
is an indication of the beginning of sutface leakages;

¢) in a third group (about 10%) sections with a negative resistance are observed

at about 500 V, which suggest degradation processes associated with a

double injection.

For the specimens of three types of defined shape and size it is also possible
to determine independently the dielectric loss factor by the separate measure-
ment of the two components of the conductivity and by bridge allows operation
in two modes: (i) direct measurement of the dielectric loss factor; (ii) separate
measurement of the capacity (for the determination of relative permittivity)
and the active impedance (for possible calculating the dielectric loss factor).
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Fig. 17. Grouping of dependencies of dielectric losses
of different materials as a function of operating time
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Preliminary comparison of the measured values with same tabular data for
the discussed materials shows predominantly falling within the tolerances as
shown in example increase of dielectric loss factor.

The fact that the relative degradation changes of the basic parameters of
such a large group of diverse materials (for example it is shown in Fig. 17
for tgd) have similar numerical intervals shows some community of processes
causing degradation. This and the results of the study of the previous two
groups of components (diodes and transistors and contactors) allow the con-
struction of a general explanation of the observed changes in the parameters
of electronic components and materials in the process of operation, Table 1.

Table 1
No | Experimental data Sample Table data
€ tgd materials € tgd
3 | 2.9-3 0.03 vinylite 3.2-4 0.01-0.05
14 3.6 0.13 insulation canvas | 3-4.5 0.02-0.30
15 7 0.15 bakelite 5-12 0.02-0.50
16 14 0.006 ceramics 0.0005-0.025

4. CONCLUSIONS

From the conducted studies, it is clear that the main degradation processes
in the three groups of elements for an extended period of time are slow, do
not lead to a hopping change in basic parameters and to catastrophic failures.
This gives ground to suggest a common diffusion model, which is limited by
the following: (i) in electronic components containing a p-n junction, diffusion
of residual copper atoms that are accumulated in the area of a spatial charge
is performed under the influence of the electric field and the local tempera-
ture, creation of shunt channels; (ii) in the contactor systems whose contact
surfaces are made of metal alloys under the influence of incresed temperature
decomposition of a homogeneous alloy starts. Conditions are created for dif-
fusion of individual atoms to the surface, microphases of homogeneous atoms
are formed and modify the contact resistances; (iii) in the course of time in
the insulating materials the mechanisms of polarization are changed, double
bonds and dipoles are disrupting, leading to the release of carbon atoms. The
latter diffuse at elevated temperature and form conductive cords, which amend
the dielectric losses and specific resistance of the materials.

Therefore, the total physical model of slow degradation in electronic sys-
tems can be built on diffusion processes of free atoms under the influence of

20 Engineering Sciences, LVII, 2020, No. 3



local temperature and electric field. These processes are uncontrollable, their
speed is slow, and the time of change of the resource can be predicted by using
the developed methods.
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