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ANNEALING OF 22-, 40-, AND 158-MeV PROTON 

DAMAGE IN n- AND p-TYPE SILICON 

By Marvin E. Beatty 111 and Gerald F. Hill 
Langley Research Center 

SUMMARY 

Studies on n- and p-type silicon irradiated with 22-, 40-, and 158-MeV protons and 
annealed at 1000 C ,  200°. C, and 3000 C are reported. The results show that proton dam- 
age is very complex and difficult t o  anneal in comparison with electron damage. A flu- 
ence dependence was found for protons in which the annealing decreased as the fluence 
increased; this dependence is compared with results previously reported for electrons. 
It was also found that the annealing increases as the proton energy increases. An unex- 
pected result, alternate increases and decreases in minority-carrier lifetime during iso- 
thermal annealing, is discussed. 

INTRODUCTION 

The annealing processes in silicon will govern the degree of recovery of solar-cell 
power supplies which are damaged by a space radiation environment. The proton spec- 
t rum for a typical orbit (350 nautical miles,  30° inclination) in the Van Allen radiation 
belt has been calculated by using the trajectory environment codes in reference 1 and is 
shown in figure 1. 
dation of electronic systems. Studies of annealing of radiation damage in silicon solar- 
cell power supplies have shown the possibility of using some form of annealing apparatus 
t o  improve the output of solar cells damaged by space radiation (ref. 2). 

Long exposures to  this radiation spectrum can result in serious degra- 

Most of the experimental studies have involved neutron o r  electron bombardment 
(refs. 2 t o  4). Little work has been reported on the annealing of proton damage in silicon 
(refs. 5 and 6). 

Of the physical properties of semiconductors, one of the more sensitive to  ionizing 
radiation is the minority-carrier lifetime - the average t ime that excess minority car- 
riers (holes or  electrons) will exist before they are reduced t o  a factor of l/e of their  
original number by the recombination process. It was, therefore, chosen as the damage 
criterion in this experiment. The recovery of lifetime after irradiation of n- and p-type 
silicon is reported for annealing at looo C, 200° C, and 300° C. Most of the data are for  
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Studies on n- and p-type silicon irradiated with 22-, 40-, and 158-MeV protons and 

annealed at 1000 C, 2000 . C, and 3000 C are reported. The results show that proton dam­

age is very complex and difficult to anneal in comparison with electron damage. A flu­

ence dependence was found for protons in which the annealing decreased as the fluence 

increased; this dependence is compared with results previously reported for electrons. 

It was also found that the annealing increases as the proton energy increases. An unex­

pected result, alternate increases and decreases in minority-carrier lifetime during iso­

thermal annealing, is discussed. 

INTRODUCTION 

The annealing processes in silicon will govern the degree of recovery of solar-cell 

power supplies which are damaged by a space radiation environment. The proton spec­

trum for a typical orbit (350 nautical miles, 300 inclination) in the Van Allen radiation 

belt has been calculated by using the trajectory environment codes in reference 1 and is 

shown in figure 1. Long exposures to this radiation spectrum can result in serious degra­

dation of electronic systems. Studies of annealing of radiation damage in silicon solar­

cell power supplies have shown the possibility of using some form of annealing apparatus 

to improve the output of solar cells damaged by space radiation (ref. 2). 

Most of the experimental studies have involved neutron or electron bombardment 

(refs. 2 to 4). Little work has been reported on the annealing of proton damage in silicon 

(refs. 5 and 6). 

Of the physical properties of semiconductors, one of the more sensitive to ionizing 

radiation is the minority-carrier lifetime - the average time that excess minority car­

riers (holes or electrons) will exist before they are reduced to a factor of lie of their 

original number by the recombination process. It was, therefore, chosen as the damage 

criterion in this experiment. The recovery of lifetime after irradiation of n- and p-type 

silicon is reported for annealing at 1000 C, 2000 C, and 3000 C. Most of the data are for 



irradiation with 22-MeV protons; however, a comparison of annealing of 22-, 40-, and 
158-MeV proton damage is presented. 

The experiments were conducted with commercial silicon solar cells, and the 
annealing results are reported for  the bulk layer where most of the radiation damage and 
annealing occurs. 

SYMBOLS 

D7 

dN 
dE 
- 

I 

V 

7 

70 

percentage of defects remaining 

number of particles per  unit energy 

interstitial 

vacancy 

minority-carrier lifetime 

initial minority-carrier lifetime 

minority-carrier lifetime after x hours of annealing 

particle fluence 

THEORETICAL BACKGROUND 

Proton and electron irradiation of silicon can cause large disorders in the normal 
lattice structure by displacing silicon atoms from their usual positions, producing vacan- 
cies and interstitials. At room temperature , these vacancies and interstitials will quickly 
recombine and no permanent effect will be noted. Watkins and Corbett (ref. 7) ,  however, 
have found that in n-type silicon irradiated with low-energy electrons , impurity atoms are 
trapped to form complex defect centers. The defect centers are not readily annealed at 
room temperature. In the samples tested for this report, the room-temperature annealing 
was less than 5 percent. 

Watkins and Corbett have found, by spectroscopic analysis, two main impurity defect 
centers: 
called the divacancy within the silicon lattice are shown in figure 2. The top left lattice 
illustrates phosphorus-doped (n-type) silicon containing an interstitial oxygen atom. When 
this particular lattice configuration is bombarded, several  types of defects may be formed. 

E-centers and A-centers. The locations of these defect centers and a defect 
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irradiation with 22-MeV protons; however, a comparison of annealing of 22-, 40-, and 

158-MeV proton damage is presented. 

The experiments were conducted with commercial silicon solar cells, and the 

annealing results are reported for the bulk layer where most of the radiation damage and 

annealing occurs. 

SYMBOLS 
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dN number of particles per unit energy 
dE 

I interstitial 

V vacancy 

T minority-carrier lifetime 

TO initial minority-carrier lifetime 

T X minority-carrier lifetime after x hours of annealing 

cp particle fluence 

THEORETICAL BACKGROUND 

Proton and electron irradiation of silicon can cause large disorders in the normal 

lattice structure by displacing silicon atoms from their usual positions, producing vacan­

cies and interstitials. At room temperature, these vacancies and interstitials will quickly 

recombine and no permanent effect will be noted. Watkins and Corbett (ref. 7), however, 

have found that in n-type silicon irradiated with low-energy electrons, impurity atoms are 

trapped to form complex defect centers. The defect centers are not readily annealed at 

room temperature. In the samples tested for this report, the room-temperature annealing 

was less than 5 percent. 

Watkins and Corbett have found, by spectroscopic analysis, two main impurity defect 

centers: E-centers and A-centers. The locations of these defect centers and a defect 

called the divacancy within the silicon lattice are shown in figure 2. The top left lattice 

illustrates phosphorus-doped (n-type) silicon containing an interstitial oxygen atom. When 

this particular lattice configuration is bombarded, several types of defects may be formed. 
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The lattice in the top right of the figure shows an oxygen-vacancy pair  which is referred 
t o  as the A-center. The E-center, as shown in the lower left of figure 2,  is formed when 
a vacancy pairs  with the phosphorus atom. Another type of center is the divacancy, which 
is simply the coupling of two vacancies. This center is illustrated in the lower right of 
figure 2. 

Figure 3 shows the defect centers in their energy position between the valence and 
conduction bands for phosphorus-doped (n-type) silicon. It was found (ref. 7) that in 
n-type silicon manufactured by the float-zone process , which has phosphorus and oxygen 
impurities of approximately equal concentrations (at least 1015 ~ m - ~ )  , the E-center domi- 
nates. In Czochralski grown (pulled) silicon, the oxygen concentration is much greater 

~ m - ~ )  and the A-center dominates. 
A breakup of these defects and any &vacancies that are present are responsible for the 
major annealing observed in n-type silicon at room temperature and above. 

~ m - ~ )  than the phosphorus concentration 

Defect centers have been observed in electron-irradiated p-type silicon; however , 
an exact model for these centers has not been obtained. It is possible that A-centers 
exist, as in electron-irradiated n-type silicon, and also a center similar to  the E-center. 
This center would not be neutral as is the E-center, but would have a positive charge due 
t o  the impurity atom (boron, aluminum, etc.). There is no experimental evidence t o  back 
this supposition, but if  it is t rue ,  damaged p-type silicon should anneal in a manner simi- 
lar to damaged n-type silicon. 

The defects created when silicon is irradiated with protons are similar t o  those 
found with electrons. However, the heavy mass of the proton causes much larger  defect 
centers and possible clustering of defects, and thus results in a more complex damage 
center. Therefore, proton damage is expected to be less affected by annealing than 
electron damage. 

EXPERIMENTAL TECHNIQUE 

Before irradiation, the minority-carrier lifetime was determined for 1.0 ohm-cm 
silicon samples of both n-type and p-type by an experimental procedure previously 
employed by the authors (ref. 8). In this method a monochromatic infrared light source 
is used t o  generate a current in the base layer of a p-n junction solar cell. This current 
value is then applied t o  equations presented in reference 8 t o  determine minority-carrier 
lifetime. 

Next, the silicon samples were mounted on a target wheel (shown in figs. 4 and 5) 
with electrical connections t o  remote test equipment. The samples were irradiated to  
the desired fluence, the proton beam was stopped, and the desired parameters were mea- 
sured. The wheel was rotated by remote control, so that a new sample could be placed in 
target position without the experimenter entering the target room. 
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The lattice in the top right of the figure shows an oxygen-vacancy pair which is referred 

to as the A-center. The E-center, as shown in the lower left of figure 2, is formed when 

a vacancy pairs with the phosphorus atom. Another type of center is the divacancy, which 

is simply the coupling of two vacancies. This center is illustrated in the lower right of 

figure 2. 

Figure 3 shows the defect centers in their energy position between the valence and 

conduction bands for phosphorus-doped (n-type) silicon. It was found (ref. 7) that in 

n-type silicon manufactured by the float-zone process, which has phosphorus and oxygen 
impurities of approximately equal concentrations (at least 1015 cm-3), the E-center domi­

nates. In Czochralski grown (pulled) silicon, the oxygen concentration is much greater 

(1018 cm-3) than the phosphorus concentration (1015 cm-3) and the A-center dominates. 

A breakup of these defects and any divacancies that are present are responsible for the 

major annealing observed in n-type silicon at room temperature and above. 

Defect centers have been observed in electron-irradiated p-type silicon; however, 

an exact model for these centers has not been obtained. It is possible that A-centers 

exist, as in electron-irradiated n-type silicon, and also a center similar to the E-center. 

This center would not be neutral as is the E-center, but would have a positive charge due 

to the impurity atom (boron, aluminum, etc.). There is no experimental evidence to back 

this supposition, but if it is true, damaged p-type silicon should anneal in a manner simi­

lar to damaged n-type silicon. 

The defects created when silicon is irradiated with protons are similar to those 

found with electrons. However, the heavy mass of the proton causes much larger defect 

centers and possible clustering of defects, and thus results in a more complex damage 

center. Therefore, proton damage is expected to be less affected by annealing than 

electron damage. 

EXPERIMENT AL TECHNIQUE 

Before irradiation, the minority-carrier lifetime was determined for 1.0 ohm-cm 

silicon samples of both n-type and p-type by an experimental procedure previously 

employed by the authors (ref. 8). In this method a monochromatic infrared light source 

is used to generate a current in the base layer of a p-n junction solar cell. This current 

value is then applied to equations presented in reference 8 to determine minority-carrier 

lifetime. 

Next, the silicon samples were mounted on a target wheel (shown in figs. 4 and 5) 

with electrical connections to remote test equipment. The samples were irradiated to 

the desired fluence, the proton beam was stopped, and the desired parameters were mea­

sured. The wheel was rotated by remote control, so that a new sample could be placed in 

target position without the experimenter entering the target room. 
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Silicon samples of both n-type and p-type (with resistivity of 1.0 ohm-cm and initial 

minority-carrier lifetime T~ of 5.0k0.5 p e c )  were irradiated at the Oak Ridge 86-inch 
cyclotron. Damage by various proton fluences was examined to  ascertain the effects of 
total proton fluence on annealing characteristics. The incident proton energy was deter- 
mined in each experiment by plotting a standard number-distance curve. Corrections 
were made for energy losses in beam-pipe windows, ionization-chamber windows, and 
air. After all of these corrections were considered, the energy of the proton beam was 
found t o  be 22 MeV. 

The proton fluence incident upon the silicon samples was determined by using an 
ionization chamber which was  calibrated by means of a standard iron-foil activation anal- 
ysis and a Faraday cup. Energy and flux measurements are estimated to  be accurate 
within *5 percent and k l 0  percent, respectively. 

Experiments with n- and p-type silicon were also carr ied out at the University of 

Measurement procedures in these tes t s  were similar 
Minnesota's 40-MeV linear accelerator, and n-type silicon was tested at the Harvard 
University's 158-MeV cyclotron. 
to those used with 22-MeV protons. 

and lo9 protons/cm2-sec. With this flux, heating of the samples is negligible. 
All the irradiations were performed at room temperature with a flux between lo7  

After irradiation, the samples were kept in dry ice to prevent room-temperature 
annealing until temperature studies could be performed. Then the samples were mounted 
on ceramic plates for the annealing tests. The annealing was done in an oven where the 
temperature of anneal was controlled t o  k5O C. At least three samples of each type of 
silicon irradiated with 22- and 40-MeV protons were annealed isothermally at looo C,  
2000 C, and 3000 C for periods up to  12 hours. The n-type silicon samples irradiated 
with 158-MeV protons were annealed at 100' C and 200' C. 
ducted with samples which had been irradiated to  different fluences to  determine the 
dependence of annealing on different levels of proton irradiation. 

Experiments were also con- 

After the annealing oven reached the desired temperature, samples were placed 
inside the oven and left to  anneal for some given t ime period. The samples were then 
removed from the oven and cooled to  room temperature with a high-speed fan. Once the 
samples reached room temperature, the necessary measurements were made and then 
they were placed back in the oven for another period of anneal. 

The minority-carrier lifetime measurements are used to define the fraction of 
defects remaining in the silicon. The fraction of defects remaining is found by comparing 
T ~ ,  the minority-carrier lifetime after x hours of annealing, with T ~ ,  the minority car-  
rier lifetime before irradiation. The formula, which represents the unnormalized 
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Silicon samples of both n-type and p-type (with resistivity of 1.0 ohm-em and initial 

minority-carrier lifetime TO of 5.0±0.5 Ilsec) were irradiated at the Oak Ridge 86-inch 

cyclotron. Damage by various proton fluences was examined to ascertain the effects of 

total proton fluence on annealing characteristics. The incident proton energy was deter­

mined in each experiment by plotting a standard number-distance curve. Corrections 

were made for energy losses in beam-pipe windows, ionization-chamber windows, and 

air. After all of these corrections were conSidered, the energy of the proton beam was 

found to be 22 MeV. 

The proton fluence incident upon the silicon samples was determined by using an 

ionization chamber which was calibrated by means of a standard iron-foil activation anal­
ysis and a Faraday cup. Energy and flux measurements are estimated to be accurate 

within ±5 percent and ±10 percent, respectively. 

Experiments with n- and p-type silicon were also carried out at the University of 

Minnesota's 40-MeV linear accelerator, and n-type silicon was tested at the Harvard 

University's 158-MeV cyclotron. Measurement procedures in these tests were similar 

to those used with 22-MeV protons. 

All the irradiations were performed at room temperature with a flux between 107 

and 109 protons/cm2-sec. With this flux, heating of the samples is negligible. 

After irradiation, the samples were kept in dry ice to prevent room-temperature 

annealing until temperature studies could be performed. Then the samples were mounted 

on ceramic plates for the annealing tests. The annealing was done in an oven where the 

temperature of anneal was controlled to ±5° C. At least three samples of each type of 

silicon irradiated with 22- and 40-MeV protons were annealed isothermally at 1000 C, 

2000 C, and 3000 C for periods up to 12 hours. The n-type silicon samples irradiated 

with 158-MeV protons were annealed at 1000 C and 2000 C. Experiments were also con­

ducted with samples which had been irradiated to different fluences to determine the 

dependence of annealing on different levels of proton irradiation. 

After the annealing oven reached the desired temperature, samples were placed 

inside the oven and left to anneal for some given time period. The samples were then 

removed from the oven and cooled to roqm temperature with a high-speed fan. Once the 

samples reached room temperature, the necessary measurements were made and then 

they were placed back in the oven for another period of anneal. 

The minority-carrier lifetime measurements are used to define the fraction of 

defects remaining in the silicon. The fraction of defects remaining is found by comparing 

Tx ' the minority-carrier lifetime after x hours of annealing, with TO' the minority car­

rier lifetime before irradiation. The formula, which represents the unnormalized 
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percentage of damage remaining, is 

It is used in this report so that the data can be compared with data obtained by many 
experimenters who have previously used this equation (refs. 2, 5, 6 ,  and 8). This type of 
curve is useful in that it shows how much radiation damage was  induced in the sample 
prior t o  annealing as well as the amount of recovery of the sample during increasing 
annealing time. 

Measurements of the minority-carrier lifetime were made at several time intervals 
during the isothermal annealing tests. In order  to  examine more closely the rapid 
increase in r observed in these measurements, some samples were annealed for 
15-minute intervals during the first few hours of testing. 

The annealing-oven temperature was  monitored by using a copper-constantan ther- 
mocouple , and the minority-carrier lifetime was  measured at room temperature. Each 
data point in the figures represents an average of three samples with initial minority- 
ca r r i e r  lifetime of 5&0.5 psec.  At any time during each annealing test, the variation in 
the values of r for the three samples was less than 3 percent. 

EXPERIMENTAL RESULTS 

Figure 6 shows the results for p-type silicon samples irradiated with 22-MeV pro- 
tons t o  a fluence of 10l1 protons/cm2 and annealed at various temperatures for t imes up 
t o  12  hours. There is a small  amount of annealing at looo C and 200° C (as much as 
5 percent at looo C and 10 percent at 200° C),  but annealing at 3000 C is much greater 
(as much as 22 percent). Most of the annealing process seems to occur in less  than 
2 hours. After 2 hours of annealing, approximately 5 percent of the defects introduced 
by the protons a r e  annealed at 200° C,  while about 18 percent are annealed at 300° C. 
After 12 hours of annealing, about 10 percent of the defects are annealed at 200° C and 
22 percent at 300° C. The general trend of the 'curves indicates that higher annealing 
temperatures would probably anneal more of the damage than the 22 percent at 300° C. 
This would probably be the case until some maximum temperature was reached where 
damage to  the sample caused by thermal effects would offset the annealing of the radia- 
tion damage. The annealing oven used for  these tests would not go higher than 300° C, 
and annealing apparatus used on space vehicles probably will not yield temperatures much 
higher than 300° C. 

Figure 7 is a s imilar  plot for n-type silicon. A rapid decrease in the number of 
defects in the material is followed by a slower, more gradual, decrease. About 10 per-  
cent of the defects were annealed at looo C during a 12-hour period. At 200° C, the 
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percentage of damage remaining, is 

It is used in this report so that the data can be compared with data obtained by many 

experimenters who have previously used this equation (refs. 2, 5, 6, and8). This type of 

curve is useful in that it shows how much radiation damage was induced in the sample 

prior to annealing as well as the amount of recovery of the sample during increasing 

annealing time. 

Measurements of the minority-carrier lifetime were made at several time intervals 

during the isothermal annealing tests. In order to examine more closely the rapid 

increase in T observed in these measurements, some samples were annealed for 

15-minute intervals during the first few hours of testing. 

The annealing-oven temperature was monitored by using a copper-constantan ther­

mocouple, and the minority-carrier lifetime was measured at room temperature. Each 

data point in the figures represents an average of three samples with initial minority­

carrier lifetime of 5±0.5 f1.sec. At any time during each annealing test, the variation in 

the values of T for the three samples was less than 3 percent. 

EXPERIMENTAL RESULTS 

Figure 6 shows the results for p-type silicon samples irradiated with 22-MeV pro­

tons to a fluence of 1011 protons/cm2 and annealed at various temperatures for times up 

to 12 hours. There is a small amount of annealing at 1000 C and 2000 C (as much as 

5 percent at 1000 C and 10 percent at 2000 C), but annealing at 3000 C is much greater 

(as much as 22 percent). Most of the annealing process seems to occur in less than 

2 hours. After 2 hours of annealing, approximately 5 percent of the defects introduced 

by the protons are annealed at 2000 C, while about 18 percent are annealed at 3000 C. 

After 12 hours of annealing, about 10 percent of the defects are annealed at 2000 C and 

22 percent at 3000 C. The general trend of the 'curves indicates that higher annealing 

temperatures would probably anneal more of the damage than the 22 percent at 3000 C. 

This would probably be the case until some maximum temperature was reached where 

damage to the sample caused by thermal effects would offset the annealing of the radia­

tion damage. The annealing oven used for these tests would not go higher than 3000 C, 

and annealing apparatus used on space vehicles probably will not yield temperatures much 

higher than 3000 C. 

Figure 7 is a similar plot for n-type silicon. A rapid decrease in the number of 

defects in the material is followed by a slower, more gradual, decrease. About 10 per­

cent of the defects were annealed at 1000 C during a 12-hour period. At 2000 C, the 
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fast-annealing portion of the curve indicates a reduction of approximately 20 percent of 
the defects, and about 25 percent are annealed after 12  hours. At 300° C,  about 30 per-  
cent of the defects a r e  annealed rapidly and about 40 percent are annealed after 6 hours. 
Then the curve begins t o  level off. 

Figure 8 shows a closer comparison of the annealing characteristics of n- and 
p-type silicon at 300° C. This figure points out the fact that although radiation damage 
is greater  in n-type silicon than in p-type, the n-type silicon anneals more than p-type. 

Figure 9 depicts the difference in the annealing process  in p-type silicon at 200° C 
for different fluences of 22-MeV protons. The p-type silicon shows very little annealing 
for @I = 5 X 1012 protons/cma. Annealing is somewhat greater  for @I = 10l1 protons/cm2, 
which is still a relatively high proton fluence compared with that expected for a 1-year 
mission in space. It was not possible to  make measurements for lower proton fluences 
in these tes ts ,  but the trend of the curves indicates that greater  annealing efficiency will 
be achieved as the total fluence is decreased. A s imilar  effect was found for electron 
fluence by Fang (ref. 2); however, the dependence of annealing on fluence is much stronger 
for proton damage than for electron damage. 

Figure 10 shows a more pronounced fluence dependence in n-type silicon annealed 
at 3000 C. The general trend of the curves indicates the possibility that defects produced 
by proton fluences less  than 10l1 protons/cm2, such as those encountered in space, will 
anneal rapidly at 300° C or above. Very little annealing (less than 10 percent) was noted 
for a fluence of 5 x 1012 protonshm2.  

Figure 11 is a comparison of the annealing of 22-, 40-, and 158-MeV proton damage 
for n-type silicon at 200° C. The annealing trends a r e  s imi la r ,  with 158-MeV damage 
being annealed out t o  a greater  degree. These curves and those of figure 10 seem to 
point out that more complex damage is produced by protons of higher fluence and less  
energy. It is possible that most of the damage by low fluences of protons with energy 
greater  than 40 MeV can be annealed out at 300' C or  above. 

The annealing pattern was  investigated more thoroughly by making lifetime 
measurements after successive 15-minute annealing periods. The results of these 
t e s t s  a r e  shown in figure 12 for n- and p-type silicon irradiated to a fluence of 
1 X 10l2  protons/cm2. The minority-carrier lifetime T is plotted against annealing 
t ime at 300° C. There is an immediate increase in T which tapers  off after about 
1/2 hour of annealing in n-type silicon and 1 hour in p-type, followed by a decrease in T. 

After annealing of n-type silicon for about 3 hours and p-type for about 2 hours, T again 
begins to increase. Figure 13 shows a s imilar  plot for q5 = 1 X 1O1O protons/cm2. The 
peak for n-type silicon is not as predominant for this lower fluence. For p-type silicon, 
the peak is much broader and final recovery does not begin until about 4- hours, compared 1 
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fast-annealing portion of the curve indicates a reduction of approximately 20 percent of 

the defects, and about 25 percent are annealed after 12 hours. At 3000 C, about 30 per­
cent of the defects are annealed rapidly and about 40 percent are annealed after 6 hours. 

Then the curve begins to level off. 

Figure 8 shows a closer comparison of the annealing characteristics of n- and 

p-type silicon at 3000 C. This figure points out the fact that although radiation damage 

is greater in n-type silicon than in p-type, the n-type silicon anneals more than p-type . 

. Figure 9 depicts the difference in the annealing process in p-type silicon at 2000 C 

for different fluences of 22-MeV protons. The p-type silicon shows very little annealing 

for cp = 5 x 1012 protons/cm2. Annealing is somewhat greater for cp = 1011 protons/cm2, 

which is still a relatively high proton fluence compared with that expected for a l-year 
mission in space. It was not possible to make measurements for lower proton fluences 

in these tests, but the trend of the curves indicates that greater annealing efficiency will 
be achieved as the total fluence is decreased. A similar effect was found for electron 

fluence by Fang (ref. 2); however, the dependence of annealing on fluence is much stronger 

for proton damage than for electron damage. 

Figure 10 shows a more pronounced fluence dependence in n-type silicon annealed 

at 3000 C. The general trend of the curves indicates the possi.bility that defects produced 

by proton fluences less than 1011 protons/cm2, such as those encountered in space, will 

anneal rapidly at 3000 C or above. Very little annealing (less than 10 percent) was noted 

for a fluence of 5 x 1012 protons/cm2. 

Figure 11 is a comparison of the annealing of 22-, 40-, and 158-MeV proton damage 

for n-type silicon at 2000 C. The annealing trends are similar, with 158-MeV damage 

being annealed out to a greater degree. These curves and those of figure 10 seem to 
point out that more complex damage is produced by protons of higher fluence and less 

energy. It is possible that most of the damage by low fluences of protons with energy 

greater than 40 MeV can be annealed out at 3000 C or above. 

The annealing pattern was investigated more thoroughly by making lifetime 

measurements after successive 15-minute annealing periods. The results of these 

tests are shown in figure 12 for n- and p-type silicon irradiated to a fluence of 

1 x 1012 protons/cm2. The minority-carrier lifetime T is plotted against annealing 
time at 3000 C. There is an immediate increase in T which tapers off after about 

1/2 hour of annealing in n-type silicon and 1 hour in p-type, followed by a decrease in T. 

After annealing of n-type silicon for about 3 hours and p-type for about 2 hours, T again 

begins to increase. Figure 13 shows a similar plot for cp = 1 x 1010 protons/cm2. The 
peak for n-type silicon is not as predominant for this lower fluence. For p-type silicon, 

the peak is much broader and final recovery does not begin until about 4t hours, compared 
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with 2 hours in figure 12. In figure 13, recovery was greater than for the higher fluence 
in figure 12, which is consistent with the fluence dependence of annealing previously 
discussed. 

Figure 14 shows the variation of minority-carrier lifetime with annealing time for 
p-type silicon irradiated t o  various fluences of 22-MeV protons and annealed at 300° C. 
It can be seen that the initial peak in the minority-carrier lifetime occurs earlier and is 
much sharper as the fluence becomes larger. After this peak occurs, the t ime required 
for  annealing t o  increase the minority-carrier lifetime decreases as the fluence 
increases . 

Figure 15 shows the dependence of the recovery of minority-carrier lifetime on 
This plot is representative of silicon samples irradiated with 22- and proton energy. 

40-MeV protons with a total fluence of 10l2 protons/cm2 and annealed at 300° C for inter- 
vals up to  8 hours. No samples irradiated with 158-MeV protons were tested at 300° C.  
The general trends of the constructive and destructive annealing processes do not show 
much energy dependence (at least between 22- and 40-MeV protons). The peak of the 
annealing curve appears slightly sharper for 22-MeV protons than for 40-MeV protons, 
but both peaks occur at about the same time. The constructive annealing part  of the curve 
for 40-MeV protons increases much more rapidly than that for 22-MeV protons, which is 
consistent with the energy-dependence annealing previously discussed. 

DISCUSSION OF RESULTS 

In experiments t o  determine the annealing properties of electron-irradiated silicon 
(mainly n-type), a large amount of defect annealing has been observed (refs. 2 t o  4). Even 
complete recovery of the minority-carrier lifetime has occurred in some cases  when the 
electron fluences were not too high. 

The results from the proton experiments and electron experiments are similar in 
that a rapid annealing is followed by a more gradual annealing; however, the degree of 
annealing is higher for  electron-produced defects (which w a s  expected since protons pro- 
duce more complex defect centers in the lattice structure). 

Hasiguti and Ishino (ref. 9) have summarized general trends of various annealing 
processes as shown in figure 16, which is for irradiation with 1 to  2 MeV electrons and 
fluence of 1014 t o  10l6 electrons/cm2. The possible annealing of the interstitial (I) and 
vacancy (V) are shown t o  occur mainly below room temperature; therefore, the annealing 
of these simple defects probably does not affect the annealing reported for protons. The 
E,  A, C ,  and J centers are possible complex defects, which are shown at the temperatures 
where various investigators believe they begin to  be annealed. According t o  this figure, 
the E-center begins t o  be annealed at about 400° K (125O C) and the A-center at about 
500° K (225O C). 
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with 2 hours in figure 12. In figure 13, recovery was greater than for the higher fluence 

in figure 12, which is consistent with the fluence dependence of annealing previously 

discussed. 

Figure 14 shows the variation of minority-carrier lifetime with annealing time for 

p-type silicon irradiated to various fluences of 22-MeV protons and annealed at 3000 C. 

It can be seen that the initial peak. in the minority-carrier lifetime occurs earlier and is 

much sharper as the fluence becomes larger. After this peak occurs, the time required 

for annealing to increase the minority-carrier lifetime decreases as the fluence 

increases. 

Figure 15 shows the dependence of the recovery of minority-carrier lifetime on 

proton energy. This plot is representative of silicon samples irradiated with 22- and 

40-MeV protons with a total fluence of 1012 protons/cm2 and annealed at 3000 C for inter­

vals up to 8 hours. No samples irradiated with 158-MeV protons were tested at 3000 C. 

The general trends of the constructive and destructive annealing processes do not show 

much energy dependence (at least between 22- and 40-MeV protons). The peak of the 

annealing curve appears slightly sharper for 22-MeV protons than for 40-MeV protons, 

but both peaks occur at about the same time. The constructive annealing part of the curve 

for 40-MeV protons increases much more rapidly than that for 22-MeV protons, which is 
consistent with the energy-dependence annealing previously discussed. 

DISCUSSION OF RESULTS 

In experiments to determine the annealing properties of electron-irradiated silicon 

(mainly n-type), a large amount of defect annealing has been observed (refs. 2 to 4). Even 

complete recovery of the minority-carrier lifetime has occurred in some cases when the 

electron fluences were not too high. 

The results from the proton experiments and electron experiments are similar in 

that a rapid annealing is followed by a more gradual annealing; however, the degree of 

annealing is higher for electron-produced defects (which was expected since protons pro­

duce more complex defect centers in the lattice structure). 

Hasiguti and Ishino (ref. 9) have summarized general trends of various annealing 

processes as shown in figure 16, which is for irradiation with 1 to 2 MeV electrons and 

fluence of 1014 to 1016 electrons/cm2. The possible annealing of the interstitial (I) and 

vacancy (V) are shown to occur mainly below room temperature; therefore, the annealing 

of these simple defects probably does not affect the annealing reported for protons. The 

E, A, C, and J centers are possible complex defects, which are shown at the temperatures 

where various investigators believe they begin to be annealed. According to this figure, 

the E-center begins to be annealed at about 4000 K (1250 C) and the A-center at about 

5000 K (2250 C). 
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Superimposed on the figure are annealing curves for  n- and p-type silicon irradi-  

ated with 22-MeV protons to  $ = protons/cm2 and annealed for 12  hours at 300° C 
(from the experiments reported in this paper). The n- and p-type silicons, although not 
damaged to the same extent by proton irradiation, seem to  be annealing in a s imilar  man- 
ner  up to  575O K (300O C). In comparison with the electron data, the proton data show 
much greater  magnitude of damage produced and less annealing. At 475O K (200O C), 
approximately 30 percent of the electron-induced defects remain while 65 percent t o  
75 percent of the proton-induced defects remain. At 575O K '  (300° C), a negligible number 
of electron defects a r e  left, while 45 percent to 60 percent of the proton damage remains. 

The annealing curves fo r  electron damage show that n-type silicon and p-type sili- 
con (solid line and dashed line, respectively) anneal at  almost the same rate from 4750 K 
(2000 C) to 575O K (300° C). The proton-damage curves show n-type annealing to be 
greater  than p-type by about 20 percent, although the n-type silicon was  damaged more 
than the p-type initially. This might indicate that the defects in p-type silicon, while not 
as numerous, a r e  more complex and harder to anneal. The reverse  annealing shown for 
electron damage was observed by one experimenter; no reverse  annealing was seen in 
proton-damage studies. 

The results of the proton annealing experiments depict annealing processes which 
a r e  s imilar  for n- and p-type silicon. The amount of annealing var ies  greatly, depending 
on proton energy, temperature, and total fluence, but the shapes of the annealing curves 
a r e  very similar. There is a rapid decrease in the number of radiation-induced defects 
in the silicon, followed by a slower, more gradual decrease. 

It is impossible to determine the exact damage mechanisms being annealed in 
proton-irradiated silicon from these experiments. Some assumptions can be made from 
the results of Watkins and Corbett (ref. 7). The fast recovery during the first hour o r  so 
of annealing at 2000 C and 3000 C in n-type silicon has been observed in electron-damage 
annealing, and is attributed to the dissociation of the E-centers. Since the temperature 
of annealing is in the same range, and the curve slopes a r e  s imilar  for proton and elec- 
tron annealing, it is probable that the E-center is present in proton-damaged silicon also. 
The later,  more gradual recovery may be the beginning of dissociation of the harder t o  
anneal A-center. The defects which do not anneal a r e  either a large number of A-centers 
which have not received enough energy to  dissociate or more complex defect centers. 

The differences between annealing of damage in n- and p-type silicon may be due to 
defects in p-type silicon that a r e  more complex than the E-center in n-type silicon. The 
portion of the curve attributed to  A-center annealing for  n-type silicon had approximately 
the same slope as the corresponding portion of the curve for p-type silicon. Therefore, 
it is assumed that p-type silicon may have A-center defects. 

a 

Superimposed on the figure are annealing curves for n- and p-type silicon irradi­

ated with 22-MeV protons to ¢ = 1011 protons/cm2 and annealed for 12 hours at 3000 C 

(from the experiments reported in this paper). The n- and p-type silicons, although not 

damaged to the same extent by proton irradiation, seem to be annealing in a similar man­

ner up to 5750 K (3000 C). In comparison with the electron data, the proton data show 

much greater magnitude of damage produced and less annealing. At 4750 K (2000 C), 

approximately 30 percent of the electron-induced defects remain while 65 percent to 

75 percent of the proton-induced defects remain. At 5750 K (3000 C), a negligible number 

of electron defects are left, while 45 percent to 60 percent of the proton damage remains. 

The annealing curves for electron damage show that n-type silicon and p-type sili­

con (solid line and dashed line, respectively) anneal at almost the same rate from 4750 K 

(2000 C) to 5750 K (3000 C). The proton-damage curves show n-type annealing to be 

greater than p-type by about 20 percent, although the n-type silicon was damaged more 

than the p-type initially. This might indicate that the defects in p-type silicon, while not 

as numerous, are more complex and harder to anneal. The reverse annealing shown for 

electron damage was observed by one experimenter; no reverse annealing was seen in 

proton-damage studies. 

The results of the proton annealing experiments depict annealing processes which 

are similar for n- and p-type silicon. The amount of annealing varies greatly, depending 

on proton energy, temperature, and total fluence, but the shapes of the annealing curves 

are very similar. There is a rapid decrease in the number of radiation-induced defects 

in the silicon, followed by a slower, more gradual decrease. 

It is impossible to determine the exact damage mechanisms being annealed in 

proton-irradiated silicon from these experiments. Some assumptions can be made from 

the results of Watkins and Corbett (ref. 7). The fast recovery during the first hour or so 

of annealing at 2000 C and 3000 C in n-type silicon has been observed in electron-damage 

annealing, and is attributed to the dissociation of the E-centers. Since the temperature 

of annealing is in the same range, and the curve slopes are similar for proton and elec­

tron annealing, it is probable that the E-center is present in proton-damaged silicon also. 

The later, more gradual recovery may be the beginning of dissociation of the harder to 

anneal A-center. The defects which do not anneal are either a large number of A-centers 

which have not received enough energy to dissociate or more complex defect centers. 

The differences between annealing of damage in n- and p-type silicon may be due to 

defects in p-type silicon that are more complex than the E-center in n-type silicon. The 

portion of the curve attributed to A-center annealing for n-type silicon had approximately 

the same slope as the corresponding portion of the curve for p-type silicon. Therefore, 

it is assumed that p-type silicon may have A-center defects. 
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The fluence dependence of annealing shown in figures 9 and 10 could be due to  that 
large magnitude of the A-centers being formed at higher fluences. 
A-centers, as a result of their dense population, are combining to  form defect centers 
even more complex and difficult to  anneal. 

It is possible that the 

The dependence of annealing on the energy of the damaging protons, figure 11, is 
consistent with the energy damage results for protons in silicon (ref. 10). These results 
indicate that lower energy protons produce more damage than higher energy protons. 

The annealing peaks in figure 12 seem to  indicate a complex damage mechanism. 
It appears that competing annealing processes occur during isothermal annealing. 

The effects of this constructive and destructive annealing can be important to  the 
electrical performance of a spacecraft whose power systems will depend on annealing of 
radiation damage. The output of the power system could depend on the t ime during the 
annealing process that power is required. It is not known whether these peaks would 
occur under continuous annealing of power systems subjected t o  a lower flux. 

CONCLUSIONS 

A study of isothermal annealing of proton damage in n- and p-type silicon has 
resulted in the following conclusions: 

1. Proton damage is harder t o  anneal than electron damage. 

2. Annealing in both n- and p-type silicon is fluence dependent. Damage from 
higher proton fluences does not anneal as readily as damage from lower fluences. 

3. As the proton energy exceeds 22 MeV, the annealing of the defects becomes 
greater. This is consistent with energy damage results for  protons found by other 
investigators. 

4. Measurements of minority-carrier lifetime taken at short intervals during 
annealing at 300° C show a rapid increase in lifetime followed by a gradual decrease 
during the first 2 hours of annealing. After 2 hours, a gradual increase in lifetime is 
observed. These changes indicate some type of competing annealing processes. 

5. For 1.0 ohm-cm silicon, the recovery of the minority-carrier lifetime is slightly 
greater in n-type than in p-type. This is believed t o  be the result  of a defect center pro- 
duced by protons in p-type that is more complex than the E-center in n-type. 

6. Both types of silicon initially exhibit rapid annealing at 200' C and 300° C which 
is probably due to  a center such as the E-center in n-type and its analog defect center in 
p-type. The slow annealing of defects after this is believed t o  be dissociation of 
A-centers. 
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The fluence dependence of annealing shown in figures 9 and 10 could be due to that 

large magnitude of the A-centers being formed at higher fluences. It is possible that the 

A-centers, as a result of their dense population, are combining to form defect centers 

even more complex and difficult to anneal. 

The dependence of annealing on the energy of the damaging protons, figure 11, is 

consistent with the energy damage results for protons in silicon (ref. 10). These results 

indicate that lower energy protons produce more damage than higher energy protons. 

The annealing peaks in figure 12 seem to indicate a complex damage mechanism. 

It appears that competing annealing processes occur during isothermal annealing. 

The effects of this constructive and destructive annealing can be important to the 

electrical performance of a spacecraft whose power systems will depend on annealing of 

radiation damage. The output of the power system could depend on the time during the 

annealing process that power is required. It is not known whether these peaks would 

occur under continuous annealing of power systems subjected to a lower flux. 

CONCLUSIONS 

A study of isothermal annealing of proton damage in n- and p-type silicon has 

resulted in the following conclusions: 

1. Proton damage is harder to anneal than electron damage. 

2. Annealing in both n- and p-type silicon is fluence dependent. Damage from 

higher proton fluences does not anneal as readily as damage from lower fluences. 

3. As the proton energy exceeds 22 MeV, the annealing of the defects becomes 

greater. This is consistent with energy damage results for protons found by other 

investigators. 

4. Measurements of minority-carrier lifetime taken at short intervals during 

annealing at 3000 C show a rapid increase in lifetime followed by a gradual decrease 

during the first 2 hours of annealing. Mter 2 hours, a gradual increase in lifetime is 

observed. These changes indicate some type of competing annealing processes. 

5. For 1.0 ohm-cm silicon, the recovery of the minority-carrier lifetime is slightly 

greater in n-type than in p-type. This is believed to be the result of a defect center pro­

duced by protons in p-type that is more complex than the E-center in n-type. 

6. Both types of silicon initially exhibit rapid annealing at 2000 C and 3000 C which 
is probably due to a center such as the E-center in n-type and its analog defect center in 

p-type. The slow annealing of defects after this is believed to be dissociation of 

A-centers. 
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7. The results obtained indicate that thermal annealing of silicori solar cells which 
a r e  heavily damaged by protons will produce some improvement in operation. However, 
the degree of recovery is not as great as that observed for  electron damage. 

8. Constructive and destructive annealing processes  , which appear as peaks when 
minority-carrier lifetime is plotted against hours of annealing, are observed in both n- 
and p-type silicon. The peaks are broader for p-type silicon but become sharper  as pro- 
ton energy and flux are increased. These peaks would lead to  fluctuations in current out- 
put of the power supplies which could affect a satellite's electronic system. 
studies should be made to determine the exact cause and effect of these fluctuations. 

Further 

9. Further experiments are needed to determine the response of solar cells that 
a r e  being irradiated by very low flux (more closely approximating rea l  space flux) and 
annealed simultaneously. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., January 17, 1969, 
124-09-12-09-23. 
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7. The results obtained indicate that thermal annealing of silicon solar cells which 

are heavily damaged by protons will produce some improvement in operation. However, 
the degree of recovery is not as great as that observed for electron damage. 

8. Constructive and destructive annealing processes, which appear as peaks when 
minority-carrier lifetime is plotted against hours of annealing, are observed in both n­

and p-type silicon. The peaks are broader for p-type silicon but become sharper as pro­

ton energy and flux are increased. These peaks would lead to fluctuations in current out­

put of the power supplies which could affect a satellite's electronic system. Further 

studies should be made to determine the exact cause and effect of these fluctuations. 

9. Further experiments are needed to determine the response of solar cells that 
are being irradiated by very low flux (more closely approximating real space flux) and 

annealed simultaneously. 
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Figure 1.- Differential proton spectrum for an orbit of 350 nautical miles with 30' inc l inat ion and no shielding. 
Values were calculated by us ing the trajectory environment codes in reference 1. 
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Figure 1.- Differential proton spectrum for an orbit of 350 nautical miles with 300 inclination and no shielding. 
Values were calculated by using the trajectory environment codes in reference 1. 
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Phosphorus-doped (n-type) s i l i c o n  containing 
i n t e r s t i t i a l  oxygen atom 

A-center ( oxygen-vacancy pair) 

E-center (phosphorus-vacancy pair) D ivacancy 

Phosphorus-doped (n-type) silicon containing 
interstitial oxygen atom 

E-center (phosphorus-vacancy pair) 

A-center (oxygen-vacancy pair) 

Divacancy 

Figure 2.- Atomic model of phosphorus-doped (n-type) silicon and possible defect centers. Vacancies are represented by dashed circles. 
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Figure 3.- Energy-level diagram for phosphorus-doped (n-type) silicon. 
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Figure 3.- Energy-level diagram for phosphorus-doped (n-type) silicon. 
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Figure 6.- Fraction of defects remaining i n  p-type sil icon irradiated with 22-MeV protons to a fluence of 0 = 1 x 10l1 protons/cmZ 
as a funct ion of annealing time at 1000 C, 2000 C, and 300° C (unnormalized). 
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Figure 6.- Fraction of defects remaining in p-type silicon irradiated with 22-MeV protons to a fluence of <Il = I x lOll protons/cm2 
as a function of annealing time at lOoo C, 2000 C, and 3000 C (unnormalized). 
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Figure 7.- Fraction of defects remaining i n  n-type sil icon irradiated with 22-MeV protons to a fluence of 0, = 1 X 10l1 protons/cm2 
as a funct ion of annealing time at I000 C, ZOOo C, and 3OO0 C (unnormalized). 
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Figure 7.- Fraction of defects remaining in n-type silicon irradiated with 22-MeV protons to a fluence of !IJ = 1 x lOll protons/cm2 
as a function of annealing time at lOoo C, 2000 C, and 3000 C (unnormalizedl. 
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Figure 8.- Comparison of anneal ing of typical n- and p-type sil icon samples at 3M)O C after irradiation wi th 22-MeV protons 
(0 = 1 x 10l1 protons/cm2) (unnormalized). 
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