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Abstract: Radiation degradation of optoelectronic devices 
is discussed, including effects on optical emitters, detectors 
and optocouplers. The importance of displacement damage 
is emphasized, including the limitations of non-ionizing 
energy loss WEL) in normalizing damage. Failures of 
optoelectronics in fielded space systems are discussed, 
along with testing and qualification methods. 
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The sensitivity of optoelectronic devices to space radiation 
varies over an extremely wide range. Some types of 
devices have failed in space applications where the 
radiation levels are well below the threshold expected for 
electronic device degradation, while others are extremely 
resistant to radiation damage. This paper discusses 
degradation in various types of optoelectronic devices, 
along with testing and qualification methods. 
The sensitivity of certain types of detectors is consistent 
with the mechanisms involved with light absorption and 
leakage current. However, the extreme sensitivity of some 
types of light-emitiing &odes is less obvious, requiring 
additional knowledge about LED fabrication and operation. 
Optocoupiey are another impomt class of optoelectronic 
devices. Thek opera~on depends on the interaction of their 
internal components, which can lead to hghly nonlinear 
behavior when they are exposed to ramation. 
The paper begins with a discussion of LED degradation, 
followed by sections on detectors and optocouplers. 
Damage normalization and NIEL are discussed in the fourth 
section. The last part of the paper includes examples of 
fdures on space systems and conclusions. 

Optical Emitters 
Light-emitting diodes are widely used in space applications. 
They bave high reliability, and can be operated in a more 
straightforward manner than laser diodes, which require 
close control of temperature mnd operating current. LEDs 
can be made with several different matdals. The AIGaAs 
material system is widely used because the wavelength 
range - 780 to 930 nm - is compatible with shcon 
detectors. LEDs with wavelengths between 860 and 930 
nm are frequently made with amphoteric doping, a special 
property of some types of dopants where the dopant 
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changes fi-om p- to n-type when the temperature is changed 
during the growth process. LEDs that are made in h s  way 
h v e  high efficiency, but require high minority carrier 
lifetime because the transition region between the p- and n- 
type dopants is on the order of 50 pm. That makes them 
highly sensitive to radiation damage [ 1 J. 
The other LEDs technology uses heterojunctions, whch 
provide very shaIlow junctions. Those devices have much 
k m e r  active regions, as well as higher doping levels, both 
of which improve radiation resistance. 
Fig. 1 compares the degradation of an A1GaA.s LED (880 
nm) with amphoteric doping to degradation of several orha 
LEDs, made with heterojunctions. The 660 nm LED is 
made with InGaP; the others are made with AIGaAs. Note 
the extreme sensitivity of the amphoterically doped LED to 
proton displacement damage (for reference, lo1' p/cm2 
corresponds to i .6 h a d ,  an extremely iow levei). 
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Figure 1. Comparison of proton damage for different 
LED fechnologies. 

Another concern for arnphoterically doped LEDs is that 
their radiation response varies more widely between 
different devices than for conventional electronic 
components. Fig. 2 shows the varkbitliy in proton damage 
for 84 units, procured fiorn a single batch kom one 
manufacturer. For a fluence of 10" p/cm2, the fractional 
light output (normaked to initial vaiu.) ranges fkom 0.78 to 
0.50. In order to deal mth this it is necessary to test larger 
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numbers of devices to determine the range in radiation 
response. Other factors that need to be considered are 
temperature sensitivity - LED light output decreases about 
1% per degree Celsius- and annealing of  radiation damage 
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Figure 3. Degradation of a 650 nrn laser diode after 
irradiation with 50-MeV protons. 

Other laser technologies require fluences of about the same 
magnitude before significant degradation occurs [4]. The 

basic reason for this is that Iaser operation requires very 
kgh carrier densities - on the order of 10" caniers/cm3 - in 
order to create the conditions required in the lasing material 
for stimulated emission. Those carrier densities are very 
nearly the same for many different semiconductor lasers, 
including LnGaAsP, InGaAs, and AlGaAs. The threshold 
current increases after irradiation because of increased 
levels of non-radiative recombination within the material 
[3,4]. The values of non-ionizing energy loss vary by less 
than 30% for those materials, and consequently fluence 
required for measurable damage is about the same. 

Detectors 
Degadation of conventional p-n silicon detectors is 
dominated by lifetime degradation. The absorption depth is 
much longer near the bandgap edge, causing more 
degradation at long wavelengths compared to shorter 
wavelengths. Fig. 4. compares degradation of a silicon 
detectoi at 530 iiiii +?ii the deg-sckitiw of &md ixrjix 

diodes &om two different laser diodes. The detectors used 
in the laser struc-tures are fabricated with III-V technologies 
that have direct bandgap, making them less sensitive to 
displacement damage compared to silicon detectors. 
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Figure 4. Degradation of a silicon p-n detector 
compared to Ill-V detectors used within laser diode 

modules. 
Damage mechanisms for other detectors are Mferent. 
Although p-i-n detectors are fully depleted, eliminating 
diffusion mechanisms in light collection, leakage current 
increases dramatically at low radiation levels for those types 
of detectors. 
Avalanche photodetectors are far more complicated. Fig. 5. 
shows how Ieakage current in a siIicon APD is affected by 
total dose [5]. The experiments were done with two 
different radiation sources, protons and cobalt-60 gamma 
rays. For t h i s  particular structure, leakage current in the two 
environments was dominated by displacement damage at 
low total dose levels (cobalt-60 gamma rays produce about 
1% of the equivalent dsplacement damage of 51MeV 
protons). Eowever, the dependence of leakage current on 
total dose becomes superlinear above approximately 20 
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Figure 5. Degradation of a silicon APD from protons 
and gamma rays. 

Optocouplers 
There are many different types ofoptocouplers, but most 
can be divided into two basic categories: (I) devices with 
simple phototransistors, designed to operate at low forward 
currents; and (2) devices with high-speed internal 
amplifiers, requiring higher input current, but operating ai 
much higher speed than the fist type. Fig. 6 shows a 
diagram of the frst type of optocoupler. The key parameter 
is current transfer ratio (CTR), the ratio of the collector 
current to the forward current of the LED. Energy transfer 
&om LED current to light and back to current (in the 
collector region] is relatively inefficient, = 0. I%, and 
typical values of CTR are between 1 and 10 for this type of 
structure. Ampboterically doped LEDs are frequently used 
because the response time of this type of optocoupler is 
relatively slow. 
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Figure 6. Diagram j? of a basic optocoupler with a 

simple phototransistor. 

I C  

If we compare degradation of detectors and optical emitters, 
it is apparent that amphoterically doped LEDs will 
dominate degradation in these types of optocouplers. Fig. 7 
shows degradation of a simple optooupler. Special 
measurements were done, showing degradation of CTR 
(with the phototramistor connected as a transistor), 
photoresponse (measuring current through the collector and 
base, with the emitter open), and transistor gain. 
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Figure 7. Degradatim Df B basic ~p tocoq ie r  
showing the effect of different factors on the overall 

degradation. 
For optocouplers with less sensitive LED technologies, 
optocoupler degradation IS more complex. Fig. 8 shows 
degradation of an improved version of a basic optocoupler 
where degradation of CTR is affected by gain degradation 
and the dependence of CTR OR operating current, as we11 as 
LED degradation. In t h ~ s  fi,we the CTR has been analyzed 
with a power law that would result in unit slope if the 
damage were h e a r  with fluence. The dashed line shows a 
linear result for collector-base photocurrent measurements 
in t h ~ s  structure. However, CTR degradation becomes 
superlinear with fluence when the device is operated 
normally because of the lafluence of the other factors. 
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Figure 8. Degradation of an improved optocoupler 
where the damage becomes nonlinear because of the 

interaction of several different mechanisms, 
High-speed optocouplers are generally more resistant to 
radiation damage. However, the presence of the high-gain 
internal amplifier masks rahation degradation unless 
special measurements are made to determine the threshold 
conditions for operabon. There is a basic difficulty with 
those types of devices because they exhibit catastrophic 
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failure modes when the light output of the LED is 
inadequate to meet the intern1 threshold con&tions for 
operation Although this type of failure typically does not 
occur below fluences of 10’’ p./cm2, the catastrophic failure 
is a major concern. The failure conditions depend on 
temperature (they are significantly lower, even at relatively 
modest temperatures above room temperature), and also 
vary widely between different devices. 
Damage Normalization 
There are a wide range of energies in space environments, 
making it necessary to understand the energy dependence of 
proton damage in order to interpret the effect of the actual 
range of proton energies on damage in optoelectronics. 
Non-ionizing energy loss is ofkn used to normalize 
displacement damage. Although that concept works 
reasonably well for silicon, it fails for energies above 40 
MeV for GaAs, as well as some other types of compound 
semiconducrors. WO& by Bany et 2, showed that damage 
at high energies can depart from NLEL calculations for 
some types of LEDs [6]. Therefore we recommend 
normalizing damage to experimental values measured at 50 
MeV, where cbscrepancies with NEIL are relatively small. 
That energy is very close to the peak energy in the spectrum 
of proton energies that are typical for earth-orbiting 
spacecraft with effective shielhg thickness of 
approximately 200 mils, 
Fielded Space Systems 
Nearly all space systems use conservative, specifications for 
the space environment as well as for optoelectronic devices. 
Despite tlus, failures have occurred in fielded space systems 
because of radiation damage in optoelectronics. The first 
example is Topex-Poseidon, a high-incination earth orbiting 
spacecraft operating at 1338 km. Optocoupler failures 
occurred after two years, but only in status indicators that 
had been designed with less conservatism than other 
applications (kcludmg thruster activation). Although 
additional failures occurred as the mission progressed, it 
was able to continue operating for 13 years, well beyond its 
5-year requirement until failures in the other optocoupler 
circuits disabled the thrusters. The faihres were due to lack 
of awareness about the sensitivity ofoptocouplers to 
d-isplacement damage from protons. 
A similar problem occurred on the JPL Galileo mission, 
~7hich successfully orbited Jupiter for about 20 years. The 
on-board tape recorder used for data acquisition failed 
during the 34& orbit, which went through a more severe 
region of the radiation belts than previous orbits. The 
reason for the fdure was degradation of an LED within the 
tape recorder electronics. It was possible to restore normal 
operation by forcing steady-state current through the LED 
for an extended time period, annealing a sigufkant fkaction 
of the rahation damage with injection-dependent annealing 
[7]. Fortunately, both missions operated well beyond their 
expected operating life. The conservative design that was 

used 111 critical circuits allowed them to operate even with 
severe degradation in the optoelectronic components, but 
failures would have occurred much earlier in each mission 
if such extreme conservatism had not been applied by 
circuit designers. 
Conclusions 
This paper has dmussed degradation of several types of 
optoelectronic devices in space. In most cases the most 
important effect is displacement damage, making it 
necessary to do displacement damage tests with protons 
andor electrons in order to characterize damage in space. It 
is important to reaiize that conventional tests using gamma 
rays will severely underestmate damage in typical space 
environments. 
Optoelectronic devices have a very wide range of sensitivity 
to radiation damage. Certain types of LEDs and many 
detector technologies are among the most sensitive, while 
laser diodes are generally very resistant to radiation 
damage, 
In most cases optoelectronic devices are used in conjunction 
with other components and the overall response will often 
depend on several mechanisms, as evidenced by the 
discussion of damage in optocouplers. It is also important 
to take the effects of temperature and reliabihty into 
account when optoelectronic devices are characterized for 
space applications. 
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