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Abstract

The investigation results of the radiation resistance and reliability of light-emitting diodes
(LEDs) based upon AlGaAs are presented. The radiation model and the reliability model
are described for LEDs. Preliminary irradiation by gamma-quanta and fast neutrons
makes it possible to improve the radiation resistance and reliability of the LEDs during
further operation. Based on the developed models, radiation technologies are proposed,
and the use of which allows increasing the service properties of the LEDs. The suggested
technologies can be used for other types of semiconductor devices.

Keywords: light-emitting diodes, AlGaAs, gamma-quanta, neutrons, reliability

1. Introduction

Nowadays infrared wavelength range light-emitting diodes (IR-LEDs) are broadly used in
various microelectronic devices that operate in space conditions and at nuclear power plants.
Therefore, one already needs to know both their reliability and radiation resistance at the
developmental stage. Moreover, operation conditions of LEDs require knowledge of their
durability and reliability with complex and combined influence of radiation resistance and
long-term operation [1]. In this case, we interpret that complex influence as the simultaneous
impact of two or more radiation factors. Accordingly, the combined influence is the impact
of two or more radiation factors spread out over a period of time. This is due to the fact that
complex and/or combined influence of various types of ionizing radiation is always observed
in field operating condition of semiconductor devices. Investigations in this field allow us to
develop a radiation model of semiconductor device that describes the changes in its criterial
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parameters depending on the level and conditions of radiation effect and allows predicting its
mode of behavior under the influence. In this case, the criterial parameter of a semiconductor
device means such parameter, the change in which limits its working life.

In the same way, the reliability model of semiconductor devices is strictly necessary, which
allows to predict the change in criterial parameters during operation.

We should note that it is urgent to add the factors of long-term operation to radiation factors in
field operating conditions of the semiconductor devices. Therefore, it is necessary to develop
an exploitable model of semiconductor devices [2], which allows describing the change in
reliability indexes during long-term operation under conditions of complex and combined
influence of various types of ionizing radiation.

At present time, there is an insignificant amount of work on combined influence of ionizing
irradiation of semiconductor devices [1, 3-5]. However, works on the combined and complex
influence of long-term operation factors and ionizing irradiation are almost completely absent.

Of all the variety of types of ionizing radiation, the research of the influence of irradiation
by fast neutrons and gamma-quanta on the changes in the characteristics of various types of
semiconductor devices is of primary concern.

Why are these two types of ionizing radiation of special interest? We note that the main effect
of neutrons in semiconductor materials is to produce displacement damage. This later can
cause shifts in the spectral response, the threshold current, the quantum yield, and the slope
efficiency of the LEDs. At that time, ionization mechanism of defect formation dominates for
gamma-quanta [6-9]. All other types of ionizing radiation can be represented by means of
certain combination of interaction mechanisms of ionizing radiation in terms of their effect on
materials. Therefore, the research results of irradiation by fast neutrons and gamma-quanta
of various semiconductor device types can be used as a basis for analyzing the influence of
other ionizing radiation types and, accordingly, can be used as a basis for developing radia-
tion model of the semiconductor devices.

At the present time, there are no effective and sufficiently reliable methods for calculating the
resistance of semiconductor devices to the influence of ionizing irradiation. Therefore, various
different simulated equipments are used to determine their resistance to ionizing irradiation
[10, 11].

In addition, accelerated tests are generally used to determine reliability indexes of semiconduc-
tor devices. They force the aging processes and reduce the length of time required for obtaining
the reliability information [12-14]. Generally, the accelerating factors arise from temperature
and exaggeration of conditions.

Analysis of the available literature data allows us to conclude that all currently available methods
of semiconductor devices’ reliability assessment are time-consuming, requiring significant finan-
cial expenditures and special equipments. Therefore, obtaining information about reliability and
radiation resistance is difficult at the developmental stage of devices.

On the other hand, it is known that ionizing irradiation allows changing directly the parameters
of various types of semiconductor devices [1].
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The purpose of this work is to develop the radiation technologies focused on improving the
reliability of the LEDs based upon AlGaAs heterostructures. The irradiation by fast neutrons
and gamma-quanta “Co is used as a basis of these radiation technologies.

2. Materials and methods

The objects of this investigation were industrial LEDs manufactured on the basis of dual
AlGaAs heterostructures with about 2 um active layer grown on the monocrystalline n*-GaAs
wafer by means of liquid epitaxy. The crystal size was 450 x 450 um?. The investigated LEDs
have wide application. Ohmic contact to n*-GaAs has been made on the (Au-Ge-Ni) basis and
for AlGaAs layer on the (Au-Zn) basis.

Double heterostructures significantly exceed single heterostructures and bulk materials in
terms of their operation parameters. In particular, the n- and p-layers are made from wide
bandgap materials except the absorption. Therefore, the wide-gap window effect is observed
[15]. In addition, the used n- and p-layers can be heavily doped. Moreover, the injected elec-
trons and holes are in a very narrow active layer, where n - p is extremely high. It increases the
rate of radiative recombination [16]. In addition, LEDs based upon double AlGaAs heterostruc-
tures have a higher resistance to ionizing radiation [17, 18]. The above advantages are the main
reasons for choosing the object of research.

Figure 1 represents the structure of the double AlGaAs heterostructure of the LED. In the
left part of Figure 1, the layers of semiconductor materials are shown (the doping impurity is
indicated in parentheses). Furthermore, the thickness of the layers is given in the central part
of Figure 1. Moreover, the distribution profile of the concentration of the main charge carriers
and the Al content in the layers are shown on the right part of Figure 1.

LEDs were manufactured using standard sandwich technology that involves metallic layer depo-
sition and shaping processes for ohmic contact creation, photolithographic and chemical etching
processes for die formation, and dicing for wafer division into individual chips. LEDs had pack-
ages and lenses made of an optical compound that was used to form the required angular pattern
for output lumen. We emphasize that the preliminary investigation shows us that optical com-
pound irradiation by fast neutrons, and gamma-quanta do not lead to changing its optical prop-
erties in given wavelength range. Consequently, we suggest that the changing of the observable
light characteristics of the LEDs is due to the changing of characteristics in their active layer only.

In continuous power mode, the LED forward operating current was I, =50 mA, and supply
voltage U, wasnotover U, =2.0 V. The maximum emissive wavelength was within the range
of 0.82-0.90 um. Emissive power at the given operating current was criterial parameter of the
LEDs that determined their efficiency.

For every LED emissive power at operating current 50 mA under normal conditions was taken
using a measurement complex with spherical photometric integrator. The error did not exceed
5% of emissive power measurement of LEDs. The spread of the emissive power of the initial
LEDs for each batch did not exceed +10%. Moreover, the spread of the operating voltage was +3%.
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Figure 1. Structure of the double AlGaAs heterostructure.

The named characteristic of LEDs was obtained at the very beginning and after every stage of the
investigation. The results were processed by means of mathematical statistics methods. Every
batch of LEDs under investigation was characterized by average values of measured parameters.

Irradiation by gamma-quanta was performed with isotopic continuous source of “Co. The
exposure level was characterized by the absorbed dose D [Gy]. The dose rate was about 1 Gy/s,
and the average gamma-quanta energy was 1.25 MeV.

Irradiation by fast neutrons was carried out on the pulse simulator installation “Bars-4,”
which has got a reactor core of the metallic uranium and molybdenum alloy (10% by weight)
with a pulse duration of 60 ps. The average neutron energy is 1.4 MeV [19, 20]. The exposure
level was characterized by neutron fluence F_[n/cm?].

Irradiation by gamma-quanta and fast neutrons was realized in passive power mode, i.e., without
the adding external electric field. Moreover, electrical lead of the LEDs was not allowing the flow
of electricity.

Long-term operation was modeled using step-by-step tests. Standard certified equipment was
used for experiments, and baseplate temperature was 65°C; the increment step of current
was AI'=+50 mA. Operating current of the first stage was I | =50 mA. Duration of each stage
was t =24 h. Every stage of testing was characterized by operating current I . Moreover,
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each stage of the experiments was distinguished by the temperature of the LED active layer
T,y which depends on ambient temperature (i.e., baseplate temperature) T, LEDs thermal
resistance R, and consumed electric power on i step U, .. Therefore, temperature of the LED
active layer on each stage of the tests is determined by the following equation:

Tstepi = TO + RT + Istepi x ustepi' (1)
Therefore, we used both temperature and operating current as acceleration factors during
step-by-step tests. Furthermore, limit step of the tests did not go beyond catastrophic failure
(CF) development [21, 22]. The step-by-step tests were stopped when at least 80% of the LEDs
were out of service in each batch of the research LEDs.

The following batches of the LEDs were composed for the research. The quantity of the LEDs
in each batch was 20 items:

¢ LED-1 and LED-2 were for resistance research of irradiation by gamma-quanta and fast
neutrons.

¢ LED-3 was for research of reliability.

e LED-4 and LED-5 were for research of influence of preliminary irradiation by gamma-
quanta with further annealing on reliability.

¢ LED-6 and LED-7 were for research of influence of preliminary irradiation by fast neutrons
with further annealing on reliability.

Rationale selection of preliminary irradiation level by gamma-quanta and fast neutrons, and
annealing parameters will be considered below.

3. Radiation resistance and reliability of the LEDs

3.1. Radiation resistance of the LEDs

Consider the results of a study of the resistance of batch LED-1 to ionizing irradiation. Figure 2
shows the relative change of emissive power measured at the operating current depending on
the absorbed dose of gamma-quanta [23]. Here and further, emissive power P measured after
exposure is normalized to its initial value P of LEDs. The absorbed doses of D ; and D, in
Figure 2 are explained below in the text.

Whereas Figure 3 depicts the relative change of emissive power of the batch LED-2 measured
at the operating current depending on fluence of fast neutrons [24]. The fluences F , and F ,in
Figure 3 are explained below in the text.

We note that the spread of emissive power of LEDs in the batch rises to £15% of average value
in the batch when dose of irradiation by gamma-quanta and fluence of fast neutrons increase.
Accordingly, the spread of operating voltage of the LEDs rises to +5%.

These research results suggest the following radiation model of the LEDs. It describes the
changes of emissive power of the LEDs under irradiation by gamma-quanta and fast neutrons:

5
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Figure 2. Relative decrease of the emissive power of the LEDs depending on gamma-quanta irradiation dose: 1, 2, and 3,
stages of the emissive power decrease; D, =5-10* Gy; D, =2 - 10°Gy.

¢ In the first stage, the fall of emissive power of the LEDs is attributed to the radiation-stimu-
lated reconstruction of the initial defect structure of the LED crystal (field 1 in Figures 2 and
3) as evidenced by saturation of this stage as the level of exposure increases.

¢ In the second stage, the fall of emissive power of the LEDs during irradiation is attributed
solely to the introduction of radiation defects (field 2 in Figures 2 and 3).

¢ In the third stage, the LED transits into the field of low electron injection into the active
layer of the LED (field 3 in Figures 2 and 3).

PP, relative units
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Figure 3. Relative decrease of the emissive power of the LEDs depending on fast neutron fluence: 1, 2, and 3, stages of
the emissive power decrease; F_, =102 n/cm? F , = 10" n/cm?.
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We note that the low electron injection mode is characterized by weak dependence of emissive
power of the LEDs on operating current value [25].

It should be particularly emphasized that in the third stage, the CF is observed and caused by
accelerated degradation of ohmic contacts” “metal semiconductor” [22, 26].

Additionally, the type of the ionizing radiation determines the relative contribution of the
first stage of the emissive power decrease of the LEDs, which is due to the influence of the
type of ionizing radiation on the efficiency of the reconstruction of the initial defect struc-
ture. We compared the experimental results presented in Figures 2 and 3. Therefore, under
irradiation by gamma-quanta, the contribution of the first stage of the emissive power
decrease of LEDs is about 40% of the initial emissive power, while for fast neutrons, it is
about 85%.

This radiation model of the LEDs completely corresponds to previously discussed model of LEDs
based on other materials [27-29]. Therefore, the radiation model of decrease of emissive power
of the LEDs can be extended to practically all LEDs made of various semiconductor materials.

Each of the named distinctive stages of the emissive power fall of the LEDs under irradiation
can be described by the corresponding empirical relationships with their own damage con-
stants. They are usually used to describe the processes of changing the criterial parameters of
devices under various influences [30, 31]. The established relationships are capable of predict-
ing the radiation resistance of the LEDs.

3.2. Reliability of the LEDs

Next, consider the changes of emissive power during operation and more specifically during
step-by-step tests. Figure 4 presents relative change of emissive power of the batch LED-3
during step-by-step tests.

Decrease of emissive power during step-by-step tests can be characterized by three distinctive
stages, which we observed previously while investigating the radiation resistance of the LEDs
(part 3.1, Figures 2 and 3). One might assume that the first stage of step-by-step tests decrease
in LED emissive power (field 1, Figure 4) is possible due to rearrangement of original defect
structure exposed to long-term operation factors. Accordingly, emissive power gets reduced
on the second stage as the result of inducing new structural defects under influence of long-
term operation factors (field 2, Figure 4). On the third stage of emissive power fall during long-
term operation (field 3, Figure 4), we can observe a transition into the mode of low electron
injection with further origination of CF. We note that degradation of ohmic contacts” “metal
semiconductor” is a preliminary to CF during step-by-step tests [22, 26].

The identity of determined stages of the emissive power decrease of the LEDs under influ-
ence of ionizing radiation and long-term operation factors allows for the conclusion that
the long-term operation factors correspond to the radiation factors according to their
physical nature. In this case, one may talk of one whole model of the emissive power deg-
radation of the LEDs due to the influence of ionizing radiation and long-term operation
factors. At the same time, it should be specially noted that proper correlations between the
established stages are observed for each of these factors. In actual fact, the contribution of
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Figure 4. Relative change of the emissive power of the LEDs depending on step number of the tests: 1, 2, and 3, stages
of the emissive power decrease.

each determined stages to the overall decrease of the emissive power depends on type of
influencing factors. In addition, each stage is characterized by its own value of the damage
constants for each type of influencing factors.

The above-presented results have proved the identity of degradation processes in LEDs under
the influence of ionizing radiation and factors of long operating time. Therefore, it has been
established that under the influence of ionizing radiation on the LED and long-term operation
factors, the similar stages of the radiation power decrease are observed. In this case, the first
stage in both cases is characterized by saturation, which made it possible to associate its appear-
ance with rearrangement of the initial structure of the defects. Furthermore, at the first stage,
the emissive power decrease is due to identical defects and is independent of their appearance
history. Similar reasoning is applicable to other determined stages. We note that the relative
contribution of the stages to the overall emissive power decrease of the LEDs is defined by the
type of influence.

The above-described radiation and reliability models of LEDs can be used as a basis for the
development of the exploitable model of LEDs. It is a complex of relationships that describe
the change in the emissive power of LEDs (criterial parameter) under the complex and com-
bined influence of various types of ionizing radiation and long-term operation factors. The
practical application of the exploitable model of LEDs will make it possible to predict the
behavior of LEDs under different operating conditions. The proposed model is universal,
because it describes the change in the emissive power of LEDs under the influence of damag-
ing factors of different nature.

The physical nature of the exploitable model of the LEDs allows using it as a base for the
development of exploitable models of other types of semiconductor devices.

These research results make it possible to recommend the radiation technology for improving
the operational parameters of the LEDs [32, 33].
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4. Radiation technologies for improving reliability of the LEDs

4.1. Preliminary irradiation by gamma-quanta

Consider the influence of preliminary irradiation by gamma-quanta with further annealing of
radiation-induced defects over change of emissive power during step-by-step tests.

Doses D_, for batch LED-4 and D_, for batch LED-5 were used for preliminary irradiation by
gamma- quanta The irradiation dose D, corresponds to the first stage of decreasing the radia-
tion power of the LEDs irradiated by gamma quanta. Moreover, the dose D, , corresponds to
the second stage of the emissive power fall of the LEDs (see Figure 2).

After preliminary irradiation by gamma-quanta, the annealing was carried out. Moreover, the
annealing mode corresponds to the first stage of the step-by-step tests described above. Table 1
represents the change of the emissive power after preliminary irradiation with further annealing
and during step-by-step tests. Furthermore, almost complete recovery of the emissive power of
the LEDs was observed to their initial values after preliminary irradiation with annealing. The
measurement results were used as initial values for further research of reliability.

The use of selected preliminary irradiation doses makes it possible to obtain information
about the correlation between the processes of decreasing the emissive power of the LEDs
caused by the combined influence of ionizing radiation and long-term operation factors.

In the results of step-by-step tests, the LED-4 batch is very neatly divided into two distinctive
subgroups LED-4a and LED-4b when the step of the tests rises.

Next, we consider obtained results in more details. Figure 5 depicts the change of the emissive
power of the LEDs from subgroup LED-4a during step-by-step tests. Furthermore, the sub-
group LED-4a is divided into two subgroups LED-4al (20% from the batch LED-4) and LED-4a2
(35% from the batch LED-4). Moreover, Figure 5 illustrates for comparison the change of the
emissive power of the LEDs without preliminary irradiation (LED-3 batch) during operation.

Research stage Level of emissive power, % from initial value
LED-3 LED-4 LED-5
LED-4a LED-4b a b c

al a2 bl b2

After preliminary irradiation by gamma-quanta — 95 8

After annealing — 102 97

Initial values before step-by-step tests 100 100 100

Before CF development 39 82 67 65 56 107 136 85

Step of the CF appearance (I

stepi”

mA) 475 550 500 500 450 400 400 450

Table 1. The emissive power changes of the LEDs on the different stages of radiation technology implementation.
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Figure 5. Relative change of emissive power of subgroup LED-4a during step-by-step tests: 1 and 2, revealed stages of
the emissive power fall; LED-4al and LED-4a2, marked subgroups; LED-3, batch LED-3.

It is apparent that all of the presented dependences have the same form. However, the depen-
dences differ according to the contribution of the first stage in total decrease of the emissive
power of the LEDs during step-by-step tests. Therefore, Figure 5 shows that preliminary irra-
diation by gamma-quanta makes it possible to decrease the contribution of the first stage (up
to its complete elimination for the subgroup LED-4al) to a total decrease of the emissive power
during step-by-step tests.

Each of the marked subgroups can be characterized by the eigenvalues of the efficiency coef-
ficient 1 for the LEDs after preliminary irradiation and further annealing. In this case, the
efficiency coefficient means the ratio of the emission power of the LEDs to the power con-
sumption. Here and elsewhere, the efficiency coefficient is average value for the batches and
the marked subgroups. Furthermore, the change of efficiency coefficient can be described by
the following equation when passing from one subgroup to other subgroups:

T]LED{’) 9 T]LED74a2 Ve nLEDf4al (2)

Moreover, the dependence between emissive power fall and efficiency is absent in an explicit
form for LED-3 batch.

Figure 6 represents the established dependence of the emissive power fall during step-by-
step test for subgroup LED-4b. It is divided into two subgroups LED-4b1 (35% from the batch
LED-4) and LED-4b2 (10% from the batch LED-4).

It can be seen that the subgroup LED-4b is divided into two subgroups, in which the change of
the emissive power is determined by the corresponding value of the efficiency by the following
equation:

T]LEDf4bZ < r]LEDf4b1 (3)
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Figure 6. Relative change of the emissive power during step-by-step tests for subgroup LED-4b: LED-4b1; LED-4b2,
marked subgroups; LED-3, batch LED-3.

Consequently, we obtain the following equation taking into account Eq. (3):

T]LED—4b2 < T]LED—4b1 < nLED—Zﬁ < T]LED—4a2 < T]LED—4al (4)

Certainly, the additional research is necessary to identify the parameters that determined
their specific difference for the marked subgroups of the LEDs.

In addition, the preliminary irradiation by gamma-quanta with the dose corresponding to
radiation-stimulated rearrangement of the initial defect structure makes it possible to increase
the resistance of ohmic contacts to the influence of long-term operation factors. Furthermore, it
allows decreasing the probability of the CF development and increasing the reliability of LEDs.

Therefore, the possibility of practical application is shown to except almost completely the con-
tribution of the first stage of decreasing the emissive power of the LEDs during step-by-step
tests. It is realized by preliminary irradiation by gamma-quanta with a dose D, and further
annealing. This technology allows improving significantly the operational characteristics of the
LEDs. The use of different levels of preliminary irradiation by gamma-quanta within the first
stage (see Figure 2) allows controlling these processes. Furthermore, it makes possible to con-
trol the contribution of the first stage of emissive power decrease of the LEDs during operation.

Moreover, the used doses of preliminary irradiation by gamma-quanta, annealing tempera-
ture, and annealing duration are not optimal. Consequently, when the proposed radiation
technology is optimized, the obtained results can exceed the values presented here.

Therefore, the preliminary irradiation by gamma-quanta with dose corresponding to the first
stage of emissive power decrease of the LEDs (see Figure 2) with further annealing makes it
possible to increase the reliability of the LEDs.
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Now, turn to consider the results of step-by-step tests for batch LED-5. The LEDs of this batch
were preliminary irradiated by gamma-quanta with the second dose corresponded to the
second stage of the emissive power fall under irradiation by gamma-quanta (Figure 2 and
Table 1). We emphasize that the emissive power decrease during step-by-step tests for batch
LED-5 fundamentally differs from the above-observed emissive power fall for batch LED-4.
The emissive power of LEDs from the batch LED-5 (similar to batch LED-4) almost completely
returns to the initial value of the emissive power after the annealing, in spite of the fact that
emissive power of the LEDs decreased significantly after preliminary irradiation by gamma-
quanta. This is shown in Table 1.

Figure 7 depicts the change of the emissive power during step-by-step tests for the batch
LED-5. The batch is divided into three equal in percentage ratio subgroups (LED-5a, LED-5b,
LED-5c in Figure 7). It should be specially noted that the observed changes of emissive power
from the LED-8 batch practically do not lead to a LED failure as a result of its decrease.
Moreover, the reliability of the LEDs is limited only by the development of CFs.

Two strongly marked peaks of the emissive power increase during step-by-step tests are char-
acterized in all marked subgroups. Furthermore, some of the detected peaks clearly have a
compound shape.

Each of the marked subgroups can be characterized by the eigenvalues of the efficiency coef-
ficient for the LEDs after preliminary irradiation and further annealing. Furthermore, the
change of efficiency coefficient can be described by the following equation when passing from
one subgroup to other subgroups:

T]LED—SC < T]LED—Sb < nLED—Sa (5)

1.2

1.0 F

08

06

04

1 | 1 | 1 | 1 | 1

0 100 200 300 400  lstep MA

Figure 7. Relative change of the emissive power during step-by-step tests for batch LED-5: 1 and 2, recovery of the
emissive power; LED-5a, LED-5b, and LED-5¢, marked subgroups; LED-3, batch LED-3.
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Comparing the results of the step-by-step tests for batches LED-5 and LED-3, it allows con-
cluding that the observable annealing is probably attributed to annealing radiation defects
in particular (possibly stimulated by an external electric field). The defects” precipitation is
typical for the second stage of the emissive power fall of the LEDs during step-by-step tests.

The effective annealing temperatures can be estimated to the maximum of the emissive
power rise using Eq. (1) for marked subgroups of batch LED-5. Therefore, the annealing of
two distinctive types of defects is observed for each of marked subgroups of LED-5 batch.
Moreover, the effective annealing temperature is in the range of 348-352 K for the first defect.
Furthermore, the effective annealing temperature is in the range of 362-370 K for the second
defect. Certainly, the effective temperatures have rough estimate that obtain in such a way.
At present time, we cannot connect annealing defects with concrete types. This is subject for
further research.

Analysis of the results presented in Table 1 allows concluding that the preliminary irradia-
tion by gamma-quanta with dose D_, leads to earlier appearance of CF. It is due to accelerated
degradation of ohmic contacts.

Preliminary irradiation by gamma-quanta in the field of radiation defects” introduction leads
to accelerated degradation of ohmic contacts and increasing the probability of CF develop-
ment. Consequently, it leads to decrease the ultimate reliability of the LEDs.

The obtained results allow us to recommend the preliminary irradiation by gamma-quanta in
the manufacturing technology of the LEDs to improve their operational parameters.

4.2. Preliminary irradiation by fast neutrons

Consider the influence of preliminary irradiation by fast neutrons with further annealing the
radiation-induced defects over change of the emissive power of the LEDs during operation.

The change in the emissive power of the LEDs after preliminary irradiation and further
annealing is presented in Table 2. Here, the values of the emissive power of the LEDs mea-
sured before the CF development are shown. A partial or complete recovery of the emissive
power of the LEDs to the initial values is observed after annealing. These obtained results
were used as initial values for further research of the reliability.

For batch LED-6, the preliminary irradiation by fast neutrons was chosen in the field of the
first stage of the emissive power fall (Figure 3). Figure 8 represents the change of the emissive
power for batch LED-6 during step-by-step tests. Moreover, Figure 8 illustrates the emissive
power change for LED-3 batch in contrast. Furthermore, the batch LED-6 is divided into two
distinctive subgroups LED-6a (55% from the batch LED-6) and LED-6b (45% from the batch
LED-6).

The following equation of the efficiency can be composed for marked subgroups of the LED-9
batch:

r]LED—éb < T]LED—C‘*) < T]LED—éoa (6)

13
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Research stage Level of emissive power, % from initial value

LED-3 LED-6 LED-7

a b a b

After preliminary irradiation by fast neutrons — 95 14
After annealing 95 111 32
Initial values before step-by-step tests 100 100 100
Before CF development 39 88 73 353 284
Step of the CF appearance (I, mA) 475 500 425

Table 2. The emissive power changes of the LEDs on the different stages of radiation technology implementation.

Additionally, there are three distinctive peaks of the emissive power recovery for marked
subgroups of the batch LED-6. The subgroups differ only in value of the emissive power
recovery. The quantities of the peaks show the annealing of three types of defects. Therefore,
the observable recovery of emissive power of the LEDs during operation is due to annealing
of three types of the defects created by radiation-stimulated reconstruction of the initial defect
structure that is stimulated by operation factors.

The effective annealing temperatures can be estimated to the maximum of the emissive power
rise using Eq. (1) for marked subgroups of batch LED-6. Therefore, the annealing of three distinc-
tive types of defects is observed for each of marked subgroups of batch LED-6. Moreover, the
effective annealing temperature is in the range of 341-345 K for the first defect. Furthermore, the
effective annealing temperature is in the range of 355-359 K for the second defect. Additionally,
the effective annealing temperature is in the range of 369-376 K for the third defect. Certainly, the

PiIP1, relative units
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Figure 8. Relative change of the emissive power of the batch LED-6 during step-by-step tests: 1, 2, and 3, the emissive
power recovery with further fall; LED-6a and LED-6b, marked subgroups; LED-3, the batch LED-3.
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effective temperatures have rough estimate that obtain in such a way. At present time, we cannot
connect annealing defects with concrete types. This is subject for further research. Moreover, the
reliability increases for the batch LED-6 in comparison with batch LED-3.

Next, Figure 9 shows the emissive power change of the batch LED-7 during step-by-step tests.
This batch is divided into two subgroups LED-7a (70% from the batch LED-7) and LED-7b
(30% from the batch LED-7).

For the marked subgroups of the LEDs from the batch LED-7, the following equation can be
written as

nLED—7b < T]LED—7a (7)

There are two stages of the emissive power recovery with its further fall for subgroup LED-7a.
This is due to annealing the corresponding defects. Moreover, the rate of the emissive power
recovery exceeds significantly the previously observed values for batch LED-6. Therefore, the
recovery of the emissive power for batch LED-7 during operation can be considered due to
annealing of two types of defects. Additionally, the first of them can be attributed to the field
of radiation-stimulated reconstruction of the initial defect structure under influence of the
operation factors. The subgroup LED-7b is characterized by the fact that the first stage of the
emissive power recovery is absent. The observed changes of emissive power are described by
the measurement error. Therefore, the recovery of the emissive power for subgroup LED-7b
during operation can be considered due to the annealing of the second defect only.

The effective annealing temperatures can be estimated to the maximum of the emissive power
rise using Eq. (1) for marked subgroups of batch LED-7:

* Subgroup LED-7a, T, = (360+2) K; T, = (388 + 2) K.
* Subgroup LED-7b, T,, = (378 + 2) K.

P;/P4, relative units
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Figure 9. Relative change of the emissive power of the batch LED-7 during step-by-step tests: 1, 2, and 3, the emissive
power recovery with further fall; LED-7a and LED-7b, marked subgroups; LED-3, the batch LED-3.
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Consequently, the division of the initial LEDs into distinctive subgroups has been established
while investigating the influence of preliminary irradiation by fast neutrons with further
annealing on the operational characteristics of the LEDs. Each subgroup has its own charac-
teristic dependence of the emissive power decrease of the LEDs during operation.

Furthermore, each subgroup can be characterized by eigenvalues of the efficiency coefficient
n for the initial LEDs (after preliminary irradiation with further annealing).

Therefore, preliminary irradiation by fast neutrons makes it possible to activate the initial
defect structure by decreasing its thermal resistance during further step-by-step tests.

The obtained results allow us to recommend the present radiation technology for manufac-
turing the LEDs. This technology is based on preliminary irradiation by fast neutrons and
further annealing for improving the operational parameters of the LEDs.

5. Conclusion

The following list sums up the main investigation results of experimental studies described
above:

1. The research results of the emissive power change of the LEDs based upon AlGaAs het-
erostructures under irradiation by gamma-quanta ®Co and fast neutrons. Based on the
analysis of the present results, the radiation model of the LEDs has been developed. The
established laws can be used to predict the radiation resistance of the LEDs.

2. The investigation of the emissive power change of the LEDs based upon AlGaAs hetero-
structures during operation based on the step-by-step tests has been presented. Based on
the analysis of the research, the reliability model of the LEDs has been developed. The
established laws can be used to predict the reliability of the LEDs.

3. Combination of radiation model and reliability model allows to develop an exploitable
model of the LEDs. This model makes possible the prediction of the change in emissive
power of the LEDs under complex and combined influence of various types of the ionizing
irradiation and the factors of long-term operation.

4. Radiation technology for manufacturing LEDs based upon AlGaAs heterostructures with
increased radiation resistance and reliability has been presented. It bases on preliminary
irradiation by gamma-quanta “’Co and further annealing.

5. Radiation technology for manufacturing LEDs based upon AlGaAs heterostructures with
increased radiation resistance and reliability has been developed. It depends on prelimi-
nary irradiation by fast neutrons and further annealing.

6. Decision of the optimum conditions of irradiation and annealing allows to improve signifi-
cantly the radiation resistance and reliability of the LEDs based upon AlGaAs heterostruc-
tures, i.e., significantly improve their operation parameters.

7. Suggested complex of the radiation technologies can be recommended for other types of
semiconductor devices.
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