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The recovery of damaged Bipolar Junction Transistors (BJTs) by irradiation is discussed. Two complementary types of 
BJTs (NPN and PNP) were exposed to high doses of neutrons and gamma rays. The irradiated transistors were recovered 
by isothermal annealing at ambient temperature and isochronal annealing with temperature increase up to 300 oC.  Small 
and high recovery was obtained by using isothermal and isochronal annealing, respectively.  Neutrons damaged transistors 
were less recovered than that of gamma rays. For BJTs irradiated by gamma rays, PNP type was less recovered than NPN 
type. While, similar   recovery was obtained for both BJT types irradiated by neutrons.  
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1. Introduction  
 

The main degradation of irradiated electronic compo-

nents such as BJTs is caused by the effects of ionization 

and atomic displacement. Ionization produces two types of 

charges, which are considered as defects.  The Positive 

Oxide Trapped Charges (POTCs) in the SiO2 layer; and 

the Interface Trapped Charges (ITCs) at the Si/SiO2 inter-

face. These charges increase the density of recombination 

centers at the surface, which leads to increase of the sur-

face recombination velocity. Thus, more recombination 

can occur in the regions adjacent to the Si/SiO2 interface, 

especially in the base region of the BJT, and as a conse-

quence the transistor base current IB increases. This in-

crease depends on the base doping type of the BJT (P or 

N), the doping concentration and the surface of the emitter 

and base regions [1-4]. 

Atomic displacement produces Interstitials (displaced 

Si atoms) and Vacancies (their former place). As a result, 

a pair of V-I is created in the bulk of the transistor. These 

defects increase also the base current through different 

mechanisms [4,5]. In fact the main impact of radiation on 

BJTs is a considerable increase in the IB current as it was 

investigated by many works [1-5].  Furthermore, a small 

decrease in the collector current IC has been observed in 

our previous work [4], while, other research results show a 

negligible effect on IC [7]. In all cases, the current gain 

factor known as = IC/IB will be then decreased. 

Concerning the recovery the transistor parameters af-

fected by irradiation, thermal annealing processes are the 

most used methods to reduce the irradiation defects. They 

can also reveal some qualitative information about the 

nature of the defects. They can be achieved either at a con-

stant temperature (isothermal annealing), or with increas-

ing temperature steps during a fixed period (isochronal 

annealing) [8-12]. The quality of recovery depends on the 

defects type which is related mainly to radiation type, the 

BJT structure, and the parameters of annealing method. 

The aim of this paper is to present experimental re-

sults of isothermal and isochronal annealing effects ap-

plied on two complementary small signal BJTs(NPN and 

PNP). These, transistors were damaged by defects resulted 

from the exposure to gamma rays and to neutrons from 

nuclear research reactor. Moreover, the predicted forms of 

defects before and after annealing were also analyzed. 

 

 
2. Recovery by annealing 
 

Understanding  the nature  of defects and their recov-

ering process is instrumental in explaining the 

experimental results. Thus, a short overview of these is-

sues  will be presented in this section.  

Iionization defects (TICs and POTCs) are produced 

by the reaction of holes with intrinsic precursor defects. 

The holes are created by irradiation, while the precursor 

defects are either existed before irradiation, such as 

Oxygen Vacancy or created during irradiation such as 

Hydrogen [3,13,14]. 

The recovery of POTCs is based on the reaction of a 

negative electron with this defect. The dominated 

mechanism that provides electrons for compensation is the 

thermal emission of electrons from the valence band into a 

trap [13,15]. This type of recovering can be considered as 

a neutralization through the electron trapping. It is time 

dependant if it is achieved at constant ambient tempera-

ture. It is often accelerated by higher temperature through 

annealing, where temperature as high as 100°C is 

sufficient to enhance the annealing rate of POTCs [15].  

The ITC is also recovered through an annealing pas-

sivation process. Unlike POTCs, ITCs do not readily an-

neal at room temperature and their concentrations drop 

slowly starting from 100oC. However, higher temperatures 
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are normally required to observe a significant annealing 

[3,16].  

 Atomic displacement point defects are produced by 

transferring particle kinetic energy to the crystal lattice 

(such as Silicon) with a value higher than the displacement 

threshold.  For higher energy, large density of point de-

fects are transformed to cluster defects.  According to the 

origin of the displaced atoms, defects can be classified as 

intrinsic and extrinsic.  Some defcts can be located also in 

interstitial site or in a regular position similarly to Si atom 

known as Substitution Site. Point defects can contain also 

more than one vacancy such as:V2 (Divacancy) and V3 

(Trivacancy) [17, 18].  

For recovery by annealing, three main process is ob-

served: Migration, Complex Defects by diffusion, and 

Dissociation. In general, both V and I are not stable, espe-

cially the later; they are less mobile at room temperature in 

Si lattice. At higher temperatures, however, the vibration 

of the atoms in the lattice increases leading to migrate the 

displaced atom and fall again into the regular site V, i.e. I 

and V are recombined [19].  Occasionally I-V pairs can 

associate with similar or different type of defects. This is 

accomplished through their diffusion to form a considera-

ble complex defect. This new defect has a larger thermal 

stability at room temperature and it requires then higher 

temperatures to move. For example, Ci (i refers to intersti-

tial) is very mobile at room temperature and it readily re-

acts with Cs (s refers to substitutional) and Oi defects 

forming the CiCs and CiOi pairs, respectively. The new 

complex defect can still be stable up to about 300 oC 

[20,21]. If the annealing temperature is high enough to 

overcome the binding energy of the complex defects, they 

can be dissociated into their original components.  

 
 
3. Experimental 
 

Two types of complementary BJTs: NPN (2N2222 A) 

and PNP (2N2907 A) have been tested. They are discrete 

commercial transistors having a vertical design.  The pre-

rad value of l labeled 0 of the used transistors varied 

from 130 to 180. For a specific test, five transistors having 

as much as possible equal 0 were submitted to an accu-

mulated irradiation dose. The transistors were irradiated by 

Co-60 gamma ray source having an average radiation en-

ergy of 1.25 MeV. The gamma rays dose is measured by a 

chemical dosimeter.  The neutrons irradiation was 

achieved inside a Miniature Neutrons Source Reactor 

(MNSR). The MNSR produces a large spectrum of neu-

trons accompanied with the associated fission gamma rays. 

Referring to the radiation types, two issues are considered 

in this work. The first is that the most damage effect on 

BJT irradiated inside the MNSR comes from the neutrons 

compared with the fission gamma [4]. So, the terms of 

neutrons and gamma rays irradiations are assigned to the 

irradiation inside the reactor and by Co-60 source, respec-

tively. The second issue is that the neutrons dose is pre-

sented by the irradiation time inside the reactor at a fixed 

neutrons flux.  

Equipment used for transistors characterization con-

sisted of a Curve Tracer device. It provides the IC-VCE 

characteristics and the gain factor where this factor is 

measured at IB equals to 50 A for all the tests. 

Concerning annealing procedures, the isothermal an-

nealing is achieved at ambient temperature (about 25°C) 

either for many period steps or for one long period (long 

ambient annealing). While isochronal annealing is accom-

plished in an oven in air for an increased temperature up to 

300 °C through either only one step (annealing at 300 °C) 

or several steps. The period of each step equals to 100 

minutes.  

The maximum annealing is obtained after a long am-

bient period for the isothermal annealing, and after one 

step isochronal annealing at 300 °C. 

 

 
4. Results and discussion 
 
4.1. Maximum annealing effect  

 

In order to study the main difference between the ef-

fect of isothermal and isochronal annealing on the NPN 

and PNP types, tests were performed in successive steps: 

pre-rad, after irradiated, and after two annealing cycles at 

the maximum annealing condition. 

 The first set of tests were performed on IC- VCE curve 

shown in Fig.1 for irradiation up-to a gamma rays dose of 

1000 kGy. It can be seen that the recovery of NPN type is 

much higher than PNP type, and it is also greater for 

isochronal annealing compared with isothermal annealing.  

The same annealing tests were performed for BJTs irradi-

ated by neutrons. Unlike the case of gamma rays, the radi-

ation and annealing effects are almost similar for NPN and 

PNP types. Fig. 2 shows an example of an annealed sam-

ple of NPN 50 sec of neutrons irradiation.  

The second set of tests were related to the factor 

(normalized to0) as a function of the dose. As generally 

known,  decreases and increases (recovered) after irradi-

ation and annealing, respectively. Figs. 3 and 4 show the 

curves of 0 versus the dose for annealed samples by the 

same two annealing successive cycles after irradiation by 

gamma rays and neutrons. We can also her summarize the 

following results: 

- Whatever the type of annealing, transistor, or ra-

diation, the recovery is in general inversely proportional to 

the dose. 

- Isothermal annealing can weakly recover the 

gamma damage, and it has a negligent effect for neutrons 

damage. According to the annealing behavior of defects 

presented in the section 2, isothermal anneals partially the 

POTC defects, while all ITC and displacement defects are 

still insensible to this type of annealing.   

- For isochronal annealing, an almost complete re-

covering can be reached for gamma rays in doses of less 

than 600 and 100 kGy for  NPN and  PNP, respectively. 

For high gamma dose (more than 600 kGy), the defects of 

PNP type are less recovered than NPN type. In fact, the 

main difference between the defects of the two transistor 
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types is determined mainly by the difference of the base 

doping.  In the N base doping (PNP type), it is possible to 

find displacement defects in high gamma rays dose  result-

ed from  more donor vacancy defects such as VP and V2 

[22, 23], where these both defect types are mostly contrib-

ute to gain degradation [1]. The VP contribution anneals 

out by about 140 °C, while V2 requires more than 300 °C 

[10].  Therefore, maximum isochronal annealing at 300 °C 

can restore almost all types of ionization defects in addi-

tion to some displacement point defects. It can be predict-

ed that increasing the temperature above 300 °C may ex-

pand the total recovery to the whole of the studied dose 

range.  

- In case of neutrons defects, the same annealing 

behavior for both BJT types has been found. However, 

compared with the gamma rays defects, less recovery was 

obtained and more temperature increasing was needed. 

Concerning, the recovery by isochronal annealing, it can 

be partially occurred for small doses (less than 20 sec), 

while for higher dose it becomes negligent. That is due to 

the fact that the neutrons defects in high doses are mostly 

due to cluster and complex defects such as CiOi, CiCs and 

V2 , thus, they  require  higher temperatures to be recov-

ered [9, 23, 24]. 

 

 
 

(a) 

 

 
 

(b) 

 

Fig. 1. IC-VCE characteristics of NPN (a) and PNP (b) 

samples before irradiation and after the following suc-

cessive stages: irradiation by1000 kGy of gamma rays, 

maximum isothermal annealing, and maximum isochro-

nal annealing 

 
 

Fig. 2. IC-VCE characteristics of NPN sample before irra-

diation and after the following successive stages: irradia-

tion by 50 sec of neutrons, maximum isothermal anneal-

ing, and maximum isochronal annealing 

 

 
 

(a) 

 

 
 

(b) 

 

Fig. 3. Normalized current gain 0 
 versus gamma 

source dose of: (a)  NPN and (b) PNP samples  after the 

following successive stages: irradiation, maximum iso-

thermal annealing, and maximum isochronal annealing 
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Fig. 4. Normalized current gain  versus neutrons ir-

radiation time of NPN  sample  after the following suc-

cessive stages: irradiation, maximum isothermal anneal-

ing, and maximum isochronal annealing 

 

4.2. Evolution of the isothermal annealing with  

       time  

 

 As we have already seen from the experimental 

results, some gamma rays defects such as POTCs, were 

recovered after a maximum  isothermal annealing, wwhile 

the rest of the gamma rays defects and the neutrons defects 

were not significantly recovered. This is also was 

remarked in other works [20]. Fig. 5 shows the variation of 

0 versus isothermal annealing period for NPN and PNP. 

The transistors were irradiated, as an example, by 100 kGy 

gamma, where the most  recovered  defects  in this case 

are ITCs. 

 

4.3. Evolution of the isochronal annealing with the  

        temperature 
 

In order to study the effect of temperature on the 

performance of isochronal annealing, some tests were 

performed for the restoration of  with increasing 

temperature from room temperature up to 300 oC, as is 

illustrated in Figs. 6 and 7.  It can be concluded that 

whatever the type of radiation and the transistor, the 

recovery is directly proportional to the  temperature and 

inversely to the dose.  It is also noticeable that the  

isochronal  annealing effect differs  between  NPN and 

PNP irradiated by gamma rays, while this difference 

becomes small  in the case of neutrons. 

 

 
 

Fig. 5. Normalized current gain 0 versus the isothermal 

annealing period (at ambient temperature) for transistor 

NPN and PNP irradiated by100 kGy of gamma rays  
 

 
 

(a) 

 

 
 

(b) 

 

Fig. 6. Normalized current gain  
 versus the  isother-

mal  annealing temperature for transistor  (a) NPN, and 

(b)  PNP irradiated by several gamma rays dose 
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(a) 

 

 
 

(b) 

 

Fig. 7. Normalized current gain  
 versus the  isochronal  

annealing temperature for transistor  (a) NPN ,and  (b) PNP 

irradiated by several neutrons irradiation time 

 

For resuming overall behavior of irradiation and an-

nealing, Fig. 8 shows an example of the  decreasing re-

sulted from 100 kGy gamma rays irradiation, followed by 

recovering due to successive isothermal and isochronal 

annealing cycles as a function of their specific parameters. 

In this manner, a separation between the POTC and ITC 

defects can be achieved; where in the first annealing step 

the POTCs are recovered and the rest of defects are mostly 

ITCs. 

 

4.4. Maximum recovery factor 

 

The evaluation of  the annealing processes yield, is 

achieved by studying the  maximum  recovery efficiency 

of . This efficiency is denoted   and defined to be 

equals to the ratio between Irrad  and Recov , which 

are the maximum amount of  loss by irradiation, and 

recovery by annealing, respectively. The factor   is then 

given by: 

 

Recov An Irrad

Irrad 0 Irrad

n% % % (1)
  


  






 


          (1) 

where Irrad and  Ann are the values of  after irradiation 

and maximum annealing, respectively. Since the effect of 

isothermal annealing is practically significantly smaller 

than that of isochronal, the latter will be only considered, 

i.e one annealing step at 300 °C. Before presenting the 

result of this efficiency factor, it is advised to study the 

behavior of their related contributions 
Recovery  and 

Irrad (normalized also to ), versus the dose
 

as de-

scribed below.  

 

 
 

Fig. 8. An example of the decreasing of 0 resulted 

from  gamma  irradiation (up to 100 kGy) followed by the 

re-increasing due to successive isothermal and isochro-

nal annealing  as a function of the specific parameter of 

each step 

 

4.4.1. Irradiation by gamma rays 

 

Fig. 9 shows the curves of Irrad and Recov
 
ver-

sus the dose. They are obtained according to the equation 

(1) and the experimental data of Figs. 3 and 4. Noticeably 

both terms
 
are higher in NPN than in PNP ,that is because 

NPN is more recovered than PNP. To clarify their behav-

iors in a simplified way, Table 1 summarizes the variation 

of Irrad. and Ann, and presents their effects on the result-

ed Irrad and Recov  according to the three main rang-

es of the dose.  

It is now possible to deduce the % value versus 

dose according to the equation (1) and present the result in 

Fig. 10. The curves of this figure summarize previous 

findings of an almost complete recovery of the surface 

defects in the NPN up to 300 kGy, and then decreases until 

60% at the highest dose. In PNP, %
 
begins to fall rapid-

ly at 10 kGy, and reaches less than 20% at the highest 

dose. 
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(a) 

 

 
 

b 

 

Fig. 9. Evolution the of normalized amounts:  (a) Irrad and 

(b) Recov
 
 versus gamma rays dose  in NPN and  PNP types. 

 

4.4.2. Irradiation by neutrons 
 

The behaviors of Irrad and Recov
 
are more simi-

lar for NPN and PNP in this case. They were also obtained 

in the same manner and presented in Fig. 11. The efficien-

cy factor %
 
 was then deduced and presented in Fig.12. 

As it is seen, this factor drops fast from 80% at low dose 

(for both NPN and PNP) up to less than 8% (for NPN) and 

3% (for PNP) at high doses. 

 

 

 

. 
 

Fig. 10. Maximum recovery efficiency of versus gamma rays 

dose for NPN and PNP types. 

 

 
 

(a) 

 

 
 

 (b) 

 

Fig. 11.  Evolution of (a) Irrad and (b)
 Recov  versus neu-

trons irradiation time for NPN and PNP types 
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Fig. 12. Maximum recovery efficiency of versus 

neutrons irradiation time for NPN and PNP types 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Behavior of Irrad.  , Ann , Irrad and Recov  as a function of the dose and according to the transistor types for the three 

used  ranges of  gamma ray source 

 

Behavior  versus dose Transistor 

type 

Dose range in 

kGy 
Recov  Irrad

 
 Ann  

Irrad.  

High increase High increase Total 

recovery 

High decrease  NPN 0.1-10 

High increase High increase Total 

recovery 

Medium  

decrease 

PNP 

 

High saturated 

value 

 High saturated 

value 

Total 

recovery 

Medium  

decrease 

NPN 20-300 

Medium  decrease  Medium increase High 

recovery 

Medium  

decrease 

PNP 

High decrease High saturated 

value 

High 

recovery 

Slow decrease NPN  400-1000 

High decrease Medium increase Medium 

recovery 

Slow decrease PNP 

 

 
 
5. Conclusion 
 

Types of defects induced by gamma rays and neutrons 

on BJTs transistors were studied. Ionization defects such 

as interface trap charges (ITCs) and positive trapped 

charges (POTCs) are created in case of irradiation by 

gamma rays. While atomic displacement defects such as 

point and cluster defects are produced after irradiation by 

neutrons. Isothermal and isochronal annealing processes 

were carried out on irradiated samples. The results show 

that the isothermal annealing recovers only some POTCs 

defects, and the PNP type are in general less recovered 

than NPN type. For isochronal annealing, an almost com-

plete recovery can be reached for the rest of  POTCs and 

most of ITCs  defects in the dose ranges less than 600  and 

100 kGy for  NPN and  PNP, respectively. Similar atomic 

displacement recovery is obtained for both types of the 

transistor. Maximum recovery was achieved by isochronal 

annealing at maximum used temperature equaled to 300 

°C.  The efficiency of the recovery related to the current 

gain factor was measured. The efficiency percentage var-

ies from 100% to about 60% for NPN in the range of 0-

1000 kGy for gamma rays defects, and from 100% to less 

than 20% for PNP. In the case of neutrons defects, this 

efficiency drops strongly from 80% at low dose up to less 

than 8% for NPN and 3% for PNP at high dose corre-

sponding to 800 sec irradiation time. It was predicted in 

this case that the non-resorted damage is due to complex 

defects such as cluster, V2 and VP types. 
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