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ABsm 

It has been previously shown that small-signal 
micrawave transistors are sensitive to ionizing ra- 
diation 2 a3nd that this can lead to application 
limitations . This paper extends the work to a 
wider range of currently used transistor types and 
amplifiers with applications ranging from low noise 
front-end to class C wer output amplifiers. TW 
types of 

% 
degradation have been identified viz. 

“permanent Eand room-temperature current dependent 
“recoverable”. Both types of degradation have been 
found throughout the range of transistor types and it 
is shm that they can also be si..muilated by avalan- 
ching the emitter-base junctions. 

Class A amplifier performance of all power levels 
can be directly affected by either type of degradation 
and a detailed example is given in the m3re ccqlex 
case of “recoverable” characteristics. Class C ampli- 
fiers are not directly affected by cumulative ionizing 
radiation doses of up to 1 Mrad (Si) or emitter-base 
avalanche although significant transistor 

“F 
degrada- 

tion can occur in both cases. Gne example 0 Em.icru4ave 
performance degradation in a Class B/C amplifier is 
described to illustrate the only knm exception to 
this rule. 

1. INTRCDUCI’ION 

Micrmave bipolar transistors are frequently 
found in applications where the radiation environment 
must be considered. One practical example of such an 
application is that of the space environment where 
limitations due to the cumulative damaging effects of 
ionizing radiation on electronic components has led 
to a large effort on charac:erization and “hardening” 
of lower frequency devices . The same effort has not 
been expended on micrcxlrave bipolar transistors despite 
the fact that they are nm cmnly used in amnunica- 
tions spacecraft with 7 to 10 years design lives in 
geosynchronous orbits. There are also applications in 
scientific spacecraft which are intended to pass 
through high radiation fields such as those in the vi- 
cinity of Jupiter. 

A recent study of small-signal microwave transis- 
tors has shm that cmnly used devices can b sen- 
sitiv 

5 
to the cumulative effects of ionizing radia- 

tion . The hFE was shm to be the most radiation 
sensitive parameter and significant permanent degrada- 
tion occurred under normal operating conditions at 
dose levels expected in many space applications. This 
d.c. degradation was shm to have an indirect but 
significant effect on the micrmave performance of 
these devices due to the resulting 

5 
hange in bias con- 

ditions in practical bias circuits . Irradiation of 
complete amplifier assemblies containing such transis- 
tors has confirrred that significant microwave perfor- 
mance degradation can 9 cur at relatively mcderate 
cumulative dose levels . Estimates of equipment per- 
formance in geosynchronous orbits indicated that, 
with the present knclwledge of the expected radiation 
environrtent and the aforementioned ground-based tes- 
ting results, specifications would not be met for the 

IPhnuscri~t received Novemlher 17, 1978. 

full design life of the sateljite without due care to 
radiation “hardening” design , 

Detailed component and amplifier characterisation 
and analysis work referred to in References 2 and 3 
related to three types of small-signal transistors 
from a specific manufacturer and in linear amplifier 
applications. Although similar effects had been obser- 
ved on a wide range of transistor types frckn various 
manufacturers, not 

3 
11 these devices had been studied 

in the same detail . 

MicrcxlJave bipolar transistors are used in a wide 
variety of applications from ICW noise linear receivers 
to high power class C transmitters and in view of the 
results of references 2 and 3 on small-signal linear 
applications, it is important to determine whether or 
not similar problems can occur in other device types 
and other applications. This paper presents the results 
of a study of the sensitivity of a wide range of micro- 
wave bipolar transistor to cumulative ionizing radia- 
tion effects. The problems of high dose rate irradia- 
tions such as those stilated in flash X-ray systems 
are not addressed in this paper. Supplementary work on 
emitter-base avalanche stress is also discussed. Be- 
sults are presented for two general groups of transis- 
tors : 1) small-signal, 2) medium and high mr. The 
former group is always used in class A applications, 
whereas the latter operates at higher current densi- 
ties in class A through class C applications. Data 
already presented on small-signal devices is supplemen- 
ted here with results on other manufacturer’s devices 
and detailed new results are presented on other device 
types which exhibit current-dependent annealing. Indi- 
vidual transistor and amplifier degradation are dis- 
cussed in terms of their effect on applications per- 
formance for both groups of devices. 

2. SENSITIVITY OF SMALL-SIGNAL 
TRANSISTORS AND AMPLIFIERS 

The effects of cumulative ionizing radiation on 
small-signal tran istors have been described in sc~ 
detail elsewhere 9 and an expression has been derived 
for the degradation of hFE as a function of radiation 
dose, measured collector current, and starting value 
of 

% 
Since the hFE ‘s of these cmnly used devices 

were ound to be very sensitive to radiation, small- 
signal transistors frcm other manufacturers were stu- 
died to determine the generality of the problem. In 
addition, amplifiers using these devices were also ir- 
radiated in instances where it was considered that this 
would add to the knowledge 2 lready gained from previous 
amplifier irradiation work . ‘IW types of paramater 
degradation were found viz. “permanent” and “recovera- 
ble”: and the experimental results are ncrw presented 
separately in terms of these descriptions since they 
require different treatments. 

2.1 Permanent Parameter Degradation 

Pement parameter degradation has been discussed 
in detail for three different transistor types from the 
Nippon Electric Co. (NEC) which are denoted A, B and C 
in Reference 2. The hFE degradation of transistors A, 
B and C, whose commercial designations are 2SC1268, 
2SC1336 (2N5650) and V222, respectively, obeyed the 
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folkming relationship for the normalized hFE, H, 
(E h&$& : 

9- ,FjJ c (Ic) 
(l/m)-1 (l-e-BD) -1 1 (1) 

is the pre-irradiation value of hF , I is the 
ector current in Amps and D is the rzdiafion dose 

at chip level. For the transistor types discussed in 
Referyce 
be 10 

2, the constants C, qand B were found to 
1.9 and 12 IQ-ads (Si) , respectively. In 

order t; compare the previously studied devices with 
new results, H is shmn in Figure 1 as a function of 

for a dose of 500 Krads (Si) which ensures satu- 
degradation. These results apply for a collec- 

tor current value of 4 mA. This value of collector 
current has been chosen since results my be mre 
easily ccmpared with devices described in the next 
section. 

i 
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Figure 1. A comparison of permanent 
of srmll-signal transistors frcm dif 
turers for the same collector current (4 mA) and 
irradiation dose (500 Krads (Si) ) . 

Results of irradiating similar devices frcm other 
mnufacturers are also shmn on the same figure. Fewer 
devices were available from other manufacturers (2 to 
5 each) and a large spread of hF 
sible for ccqarison. 

values was not pas- 
Ionization Tlama ge dminates dis- 

placement damage from high energy eiectrons up to 
cumulative doses 2 x 10 rads (Si) and, consequently, 
the devices were irradiated with X-rays since this was 
n-me convenient. A 150 KV tungsten target bremsstrah- 
lung X-ray tube which was calibrated with ‘IID’s was1 
used at dose rates between 1 and 10 Krads (Si) min . 
The transistors were clamped in a 50 ohm microstrip 
jig with bias tees and 50 ohm terminations to ensure 
stable operation at the operating bias during irradia- 
tion. In general, these transistors were less sensiti- 
ve than those of NM: and did not saturate at 500 Krads 
(Si) . Figure 1 does not, therefore, shm the maximm~ 
degradation attainable for the Ccmpagnie Generale 
d’Electricite CG 126 and the Avantek ABT 7701 but, 
since this occurs at dose levels in the Mrads (Si) re- 
gion, this is of no practical interest for mst appli- 
cations. Figure 1 my therefore be usedasdirect mm- 
parison of the relative radiation sensitivity of the 
various devices and the basic sensitivity since the 
emitter peripheries were comparable. The differences 
in radiation-indumd. base current cmponents, cannot, 
therefore, be explained by geometry alone. Apart frm 

the difference in sensitivity, the transistors 
shum in Figure 1 ved in the same general manner 
and the degradation was permanent. No significant an- 
nealing effects were measured at room temperature. 

Since the micrmave S-parameter/collector-current 
functions were found to be similar for all the above 
devices, it was not necessary to irradiate amplifiers 
built with these devices to determine their applica- 
tions limitations. The results already obtained frcm 
amplifiers built yith transistor types 2SC1268, 
2SC1336 and V222 can be extended to given an estirra- 
te of the results for devices with lamer sensitivities. 

It is concluded that transistors can be chosen 
which have a relatively lm radiation sensitivity and 
the judicious choice of such devices is the first step 
in radiation hardening of the equipment in which they 
are used. EQ-uipmnt designers have not taken radiation 
sensitivity into account in the past and have normally 
designed around devices which have the best micrmave 
performance, but clearly these devices may be the mst 
radiation sensitive. It skmld be noted that a deter- 
mination of 9% sensitivity alone my not be sufficient 
to predict overall equipment performme and the prace- 
dure for radiation hardening at equipmnt level des- 
cribed in Reference 3 is reccmrier&d for applications 
involving the aforementioned types of devices with per- 
manent degradation. 

2.2 Recoverable Parameter Degradation 

2.2.1 General description --------c- ---- 

All the transistors described in the previous 
Section had similar gain and noise figure performance 
characteristics in the frequency range up to 4 GHz. 
These performances have been exceeded recently by two 
types of transistors with high fT’s (8.5 and 12 GHz) 
and lmr noise figures (-1.7 dB at 2 GHz) . Both devi- 
ce types are produced by NEK and are designated NE 645 
and 644 referring to the 8.5 and 12 GHz fI,‘s respective- 
ly. Fquipnt level performance advantages in using 
these transistors in broad-band lm noise front end 
receivers is such that they are being designed into 
U.S. and European satellites. Both types of transistor 
exhibited a different radiation sensitivity behaviour 
from that reported for the devices described in the 
previous Section and a more detailed description of 
this behaviour is nm presented. 

Irradiations were carried out with X-rays as des- 
cribed in Section 2.1 and the V, /I bias conditions 
for minimm noise conditions ap 8 d i during irradiation 
were : 8V/7mA for the NE 645 and 6V/5mA for the NE 644. 
These currents correspond to approximately the same 
collector current density as the 4mA current used for 
measuring the transistors of Figure 1. Both types of 
device exhibited a greater hF sensitivity than found 
for any of the devices descr liEed in Section 2.1. Since 
the basic technology and radiation behaviour were the 
same for both, detailed results are presented for the 
NE 645 only. The hFF, degradation was accmpanied by a 
roam temperature recovery with bias which was consider- 
able but not complete. Figure 2 illustrates the degra- 
dation of an NE 645 transistor measured at three dif- 
ferent collector currents covering all possible appli- 
cation levels. After each irradiation, the devices 
were allowed to recover at 8V/l mA bias for about 30 
mins. Results for a 2SC1268 transistor with a penmnent 
degradation are shown for comparison. The 

!ib?i! 
value 

for the 2SC1268 transistor is higher than for the 
NE 645 device and yet it is considerably less sensitive 
at 1~ doses. There is almost an order of magnitude dif- 
ference in the dose which results in the same hFE degra- 
dation before saturation effects take place. 
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Figure 2. 
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degradation of an NE 645 transistor 
after short- stabilization periods. The per- 
maxnt degradation curve for a 2SC1268 device is 
sham for comparison. 

This type of behaviax was not limited to NE 644 
and 645 types of transistors. Hewlett-Packard (HP) 
transistor type HXTR 6104 which has a similar micro- 
wave performance exhibited similar effects at the sa- 
me collector current density. There was no significant 
difference in sensiti]Sity, 
H = 0.6 at D = 

with, in this case, 

H= 
5 x 10 5rads (Si) and saturating at 

0.35 at D = 5 x 10 rads (Si) for an 
These figures indicate a lcmr 
shown for an NE 645 in Figure 2 at low doses. Values 
of H at doses high enough for saturation are not sig- 
nificantly different between the tm device types, 

or hot carriers is the generation of interface states 
and/or positive change trapped in the oxides. Both 
effects can give rise to an increase in surface recan- 
bination but it is difficult to separate 9ne fran the 
other with the present device structures . Increased 
surface recakination gives rise to an increa 
recmbtition current with the form ID~exp ( pl base BE). 

Figure 3 illustrates this effect by displaying2m 
I 
si 

and I as functions of V before and after an ir- 
r d.i.atioW dose of 500 KradsI%i) . The collector cur- 
rent is 

w 
tered by radiation and retains its form 

If-Q L- BE) over most of the range of values. 

Exactly th% detailed characteristics were found 
for emitter-base avalanche degradation. There is no 
difference In this base curxent increase feature be- 
been any of the device types discussed thus far in 
this paper including those in Section 2.1.. 

It is clear that the radiation-induced 
dation could lead to severe perfomance 

degra- 
Uni iOIlS 

since the S-parameters of these devices are as sensi- 
tive to collector current as thcee of Section 2.1,. 
The degradation mechanism did not fit the patty 
previously described for pe ntwm-k degradation so 
nme detailed characterisation was necessaq and most 
of this was carried out on the NE 644/645 transistors. 

2.2.2 Detailed characterization of dqadation and -------cm-----------w-w 
recovery effects 

--v-B 
--w- -w-w 

Detailed characterization of d.c. current-volta- 
ge relationships were performed to cmpare with the 
2SC1336, 2SC1268 and V222 transistors. In addition, 
low frequency noise measurmts were performad since 
thisisamas uremnt of interface state density which 
is otherwise inpossible on bipolar transistors 

9 t do 
not have specially constructed base gate regions 
This electrical characterization was carried out for 
degradation and recovery studies of irradiated devices 
and control devices intentionally degraded by emitter- 
base avalanche. The reason for this caqxrison was that 
the latter degradation mchanism has been studi longer5 
has also been reported to have recowry effects , and 
a mtparison could lead to more insight,into the mecha- 
nisms of radiation induced degradation and recovery. 
It should be noted that, although the term “avalanche” 
is used here, the doping densities in the mitterbase 
regions of microwave transistors result in breakdown 
voltages in the region of 3 to 5 volts. This certainly 
indicates that tunneling, rather than ifvalanche is the 
daninant current generating mchanism , 

05 06 07 08 

93E (VI 

(ID) Figure 3. Collector (I ) and base 
a function of emitter-&se voltage (VA before 

currents as 

and after irradiation, demonstrating in&me in 
base surface reccsbination current (n = 2). Ic is 
not radiation sensitive. 

Althcqh the reverse leakage current I and 
I increased due to irradiation, 
astill low (~100 pA at 8V) and I 

the abso?$?e level 

On the other hard I 
did hot change. 

was the onlyD@ramter which 
did ch&nge in the c!&% f 0 avalanche stress. Breakdown 
voltages EJV , BV did not change due to either 
type of str@. TrBistors with psmment degradation 
effects on the other hard dmnstrated marked BV 
degradations (e . g . -13% for 500 Krads (Si) )and tk% 
has been explain9 in terms of positive charge genera- 
ted in the oxide . 

An exaxple of the change in the noise characte- 
ristic after irradiation is shmn in Figure 4 for the 
sams device and radiation conditions as shwn in Fi- 
gure 3. 

The basic reason for b degradation by radiation 
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Figure 5. Rxm teqxrature recovery of the function 
H with different constant collector currents for 
tm NE 645-80 transistors after irradiation. 
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Pigure 4. Noise current as a function of fre- 
quency, shming the increase in the l/f region 
due to irradiation. Device and irradiation con- 
ditions are the same as those of Fig. 3. 

The relationship b&man the equivalent input noise 
current, i , and surface reqmbination vel-&city in 
the l/f r&.on is given by : - 

i-2 
n CY so IBn 

f 
(2) 

where n is a constant (l-1.51, f is the frequency, 
IB the base current arid So is the surface recmtbina- 
tion velocity. Since So is proportional to the inter- 
face state density NSS, the noise current is also di- 
rectly related to N through (2) . I 
stant for all noise%easuremants. 

was kept con- 
Al #-I ough the ccm- 

tributions to l/f noise from bulk and surface remxn- 
bination centers cannot be separated before irradia- 
tion, the post-irradiation base current is certainly 
dcminated by surface currents as shcm in Figure 3. 
The results shcm in Figure 4 indicate, therefore, 
that the ratio N (pxt-irradiation) : N (pre- 
irradiation) is a?%east 3 : 1. Similar re%lts were 
obtained with an emitter-base avalanched device which 
was degraded to give the same relative IB/Vm rela- 
tionship shmn in Figure 3. 

NE 644 and 645 transistor types wsre found to 
recover their characteristics at rmn temperature if 
they were biased in the forward (active) node. The 
recovery rate was a non-linear function of collector 
current as sham in Figure 5. Recovery of H for tsm 
similarly degraded transistors is shmm for 7 mA, 
15 mA and 35 mA. 

IO -.-- 

RECOVtRV cormnof4s 

021 .d.-.-d-----L-le3A 
I00 IO’ 102 

RECOVERY T1ME';MN.) 
IO4 105 

This shcws that both the form of recove.ry and its cur- 
rent dependence are ccmplex and it is only possible 
to express H as segmnted logarithmic functions, The 
effect was not a purely the-1 one since junction 
tertperatures of less than 100 C arose frm hqting 
andothe isothermal annealing step of 1.5 x 10 min. at 
150 C shown in Figure 5 resulted in a negligible an- 
nealing effect on the 15 rrA recovery characteristic. 
This is supported by the fact that slm but signifi- 
cant annealing was measured at collector currents as 
lcrw as 100 VA (8V) where theojunction temperature rise 
above ambient is less than 1 C. In contrast to this, 
only slight long term annealing at high currents was 
observed on “permanently” degraded devices. As a 
further an@ication to quantifying the effect, it 
was found that the recovery characteristic is, to a 
certain extent, dependent on the depth of degradation 
as shmn in Figure 6. 

H 

**:---L----iym- 
100 IO' 

RECO& TIME ;OMIN) 

104 105 

Figure 6. Room teqerature recovery of H for NE 645- 
80 transistors shming dependence on depth of deqra- 
dation and similarity between irradiation and emit- 
ter base avalanche stressed devices. 

In this example, the recovery of three different devi- 
ces at 7 PA and one at 10 PA is shum. Soma of the cur- 
ves were generated by sequentially irradiating and re- 
covering the same device. The greater the degradation, 
the faster is the recovery. This is clearly illustra- 
ted by the device which was degraded to Hz0.75 and, 
although it was recovered at a higher current, it will 
clearly take an extremly long time to fully recover. 
Where almost complete recovery has been achieved by 
using high collector currents, the d.c. characteristics 
and l/f noise returned to their pre-irradiation values 
at normal operating bias levels. Recovery of a device 
which was degraded by emitter-base avalanche is also 
shun in Figure 6 and, despite the faster recovery 
rate, the recovery mechanism is clearly very similar to 
that of irradiated devices. 

Similar l/f noise measurement results and recovery 
behaviour were found for HP HXTR 6104 type transistors. 
A ccmparable set of recovery curves as those shown in 
Figure 6 ware generated by sequential irradiate and 
anneal experiments and the significant difference was 
that the recovery rate was much faster than in the ca- 
se of the NE 645 transistors. For example H recovered 
fran 0.37 to 0.5 in 140 minutes for an HXTR 6104 
whexeas, for the same recovery with the same collector 
current density, an NE 645 device took an order of mg- 
nitude of time longer. 
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It is quite clear fran the results of these expe- 
riments that these device types are extremely radia- 
tion sensitive but, in any specific application, the 
current-dependent recovery effect mst be accounted 
for. This problem is ncm discussed in detail for the 
NE 645 transistors since, of those devices studied 
thus far, these exemplify the highest sensitivity and 
lmest recomq rate. Devices operated in cold redun- 
dancy (i . e. no bias) for long periods may, when swit- 
ched on, have hP values 
lue and, unless & 

only 10% of the original va- 
ey are operated at high currents 

(e.g. 20-30 IPA), recovery could be too long to be of 
any practical benefit. Devices continuously operated 
at high currents my hot shxlr any appreciable net de- 
gradation since their remvery rate may exceed their 
degradation rate. 

In most practical applications the current opera- 
ting range is 7-10 mA and, since the net degradation 
of a device depends in a very canplex manner on the 
dose rate and collector current, it has been irrpossi- 
ble with the n&r of devices available for experi- 
ment to derive a general mathematical expression which 
accounts for the net degradation of devices at diffe- 
rent collector currents and dose rates. There is suf- 
ficient data on degradation and recovery at the typi- 
cal application current level of 7 mA to make a 
graphical representation of degradation and recovery 
when these effects occur simltaneously. The first 
step was to experimantally determine H at 7 r&/TV bias 
as a function of dose, D, under conditions where negli- 
gible recovery was allcwed. H was then calculated as a 
function of t* for fv dif5ereni3chip level1dose 
rates viz. : D = 1, 10 , lo- ,lO radsmin This 
results in a family of degradation curves H (7m$8V) 
as a function of tim and these are displayed as bro- 
ken lines in Figure 7. 

IO --- r, .~-<~~.~~~;~l 

OS!- ‘\(“) \iB) \(C) \ (0) \ \ 

02L I I 
103 104 ' '------y:~07 5 

TIME &NJ 

Figure 7. Degradation and recovery of H as a func$ion 
of time-or different-irradiatiq dose rates 13) D = 1 
radmTCD; f! ;o=31;ad 2qi.n , CC) D = 10 rad 
mirl . 

Superiqxmad on the degradation curves are recove- 
ry curves which start at the specific values of H where 
they have been measured. In a practical situation where 
degradation and reTvery co-exist, there puld be no 
net-fegradation if H =O. InthecaseofD=lrad 
min the degradation rate is faster than the recovery 
rate until H = 0.6 to 0.7. At this level, degradation 
and recovery rates are equal and H (t) will the satu- 
rate. In order to confirm this, a de 
ted at a dose rate of D = 1 rad min -Y ice was irradia- 

which was SiMll- 
lated by slow irradiation and recovery and it was found 
that H = 0.6 was indeed the saturated value. It is im 
practical to determine experimntally whether this 
would apply equally well in practice for the lmer dose 
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rates. If it is assured that it would apply, the satu- 
rated values of H can be determine fran Figure 7 by 
determining where the slopes of the degradation and re- 
covery cumes are equal. Since the recovery curves are 
a function of time, and are steeper for lamer dose rate 
curves, the points at which H = 0 occur at higher 
values of H for the lmr dose rates. From Figure 7 
pe sa$rated H qlues 
D=lO radmin 

are estimated.at H z2O.V0.8 
, and H = 0.9 for D = 10 

fpr 
rad min . 

Degradation would be almst entirely daninated by re- 
covery for lmer dose rates. 

Additional recovery experimnts were carrid out 
whereby the base current, rather than the collector 
current was held constant. In practice the bias circuit 
usually biayes the devices somwhere between these twr, 
conditions . Recovery curves for H and I were mtpa- 
rable to those of Figure 6 and it my be &ncluded 
that Figure 7 my be used to estimate the effect of do- 
se rate on net degradation of NE 645 transistors opera- 
ting at normal collector currents. The time taken to 
reach this level of degradation is also found frcrn this 
Figure. 

2.3 Physical Mechanisms for Permanent and Recoverable 
Degradation Effects 

The radiation-induced d.c. parameter changes ob- 
served in the cases of permanent and recoverable degra- 
dation effects indicate that the basic physical ma&a- 
nisms involved are entirely different. !l!his is further 
supported by the emitter-base avalanche experiments 
whereby hPE degradation was found to require rrmh less 
stress for an NE 645 than 2SC1336 device. (In the for- 
mer case H = 0.4 after an avalanche current stress of 
100 UA for 15 mins. , whereas in the latter case, it 
tmk one how: to reach H = 0.77 with five tims the 
current density). A physical Mel based on the well 
kncm generation of positive oxide charge has already 
been proposed to explain the permanent degradation ef? 
fects observed on small-signal micrmave transistors 
This model does not, however, fit the experimental ob-’ 
semations on NE 645 and HP HXTR 6104 transistors des- 
cribed in Section 2.2.2 of this paper. These results 
indicate that there is very little effective oxide 
charge since there is no significant change in collec- 
tor breakdawn voltage. m the other hand there is 
clearly a large increase in the surface caqonent of 
base and collector currents which is due to an increase 
in surface state density N . The experimental evidence 
points to a more direct &!Fease in N rather than an 
indirect effect due to a change in &ace potential 
as is gtulated for the case of pemm-mtly degraded 
devices . This hypothesis is further strengthened by 
the similarity between the effects of irradiation and 
emitter-base avalanche stress for recoverable devices. 
In the case of emitter-base stress it is knmn that 
interface states and oxide charge may be simultaneously 
generated and the technique has recently been proposed 
to study these effects in Mos structyes to cmpare ra- 
diation hardness of different oxides . Cur results 
indicate that this is also a valid technique for bipo- 
lar transistors. The fact that both types of stress in- 
duce effects which may be annealed using forward bias 
currents indicates once rmre that direct production of 

ik 
is the basic physical mechanism for degradation. 

e majority carriers injectd into the surface emitter- 
base region under forward bias recovery conditions do 
not have the energy required to overcame the Si-SiO 
barrier to annihilate oxide charge, but could reach2 
charge within tunneling distance. 

It was observed that hP degradation was highly 
dependent on whether or not I% e transistor was actively 
biased. l’his effect was of the same magnitude as that 2 
found previously for permanently degraded transistors , 



Further experiments amparing devices irradiated with 
normal active bias, 3V reverse bias on emitter-base 
only and no bias whatsoever, show that forward or re- 
verse biased junctions result in the sama higher h 
sensitivity. This means that in the interdigitated 
transistor structure, the field in the parallel Mos 
capacitor plays a negligible role canpared to the 
junction fringing field as was proposed in reference 
2. It is knum that bias conditions 
the production of N in bDS devices 

cq also affect 
andthiscm 

be due to a ccxt@axs!&araction with positive charge 
produced in the o”ffe and forced to the interface by 
an electric field . It cannot therefore be catego- 
rically stated that there is no influence of oxide 
charge on the production of N . Even in studies on 
gated bipolar transistors a4s&ration of these ef- 
fects has proven difficult . 

It is possible that the interface states intro- 
duced (directly or indirectly) by radiation or hot 
carriers rray be annealed by interaction with the dif- 
fusion current or possibly the recaMnation current 
itself, The experiments indicate that, since the re- 
covery process is independent of whether or not the 
diffusion current is constant (constant I ) or varies 
(constant I ) during recovery, there is ng direct re- 
lat ionship. %eambination current annealing has b”;s 
observed in irradiated GaAs light emitting diodes 
and this my be explained by a rrechanism when&y elec- 
tron-hole ygccxrbination at the defect emhances its 
annealing . This mechanism my equally well apply 
to the recovery process described here for bipolar 
transistors. 

2.4 Amplifier Performme Degradation 

In view of the relatively high sensitivity of the 
NE 644/645 transistors, a typical lm mise front-end 
amplifier using these devices was irradiated. Figure 8 
shows the amplifier schematic and the associated bias 
circuits for each stage. 

Figure 8. Schematic diagram of MIC (0.8-l. 3 GHz) 
low noise amplifier. Distributed microstrip 
elements are indicated by shaded. areas. 

Since complex recovery and degradation effects were 
e-ted, the results are presented in terms of per- 
formance changes for specific 

“F 
E changes. The radia- 

tion doses required to arrive a these changes are re- 
lative since the transistors Were allmed sufficient 
time to remver after irradiation so that stable micro- 
wave rreasurenents were possible. Results of radiation- 
induced degradation on overall gain and noise figure 
are shmn in Figure 9. 

? _-__-.. --- -, --. 

0 100 

C”M”LATlVE%SE 0 &d -___~-. - ____ - 

r22 
f, 

r21 G 

n 
-201 

s 
-l"$ 

a 
Ll 8 al 

z!Lto.- 

Figure 9. Gain and noise figure as a function of 
cumulative irradiation dose, D, for amplifier 
shmm in Figure 8. 

These parameter changes correspond to hFE changes in 
the three transistors as shmn in Figure 10 where the 
same relative dose as Figure 9 is displayed. 

T, hFEO II IO2 7 

T2 hFEO: 12I. 5 

13 hFEO:l19 5 
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Figure 10. Normalized 
%E 

(H) as a function of 
cumulative irradiation se, D, for the three 
transistors TI, T2 and T3 of Figure 8. 

There are slightly different h sensitivities for 
different devices due to different 
but in general the amplifier goes 
cation (AG = 2 dB) at H $ 0.8. Further optimization of 
the bias networks will not eliminate SE degradation 
unless active bias networks are used . Survival time 
predictions of the type detailed in Reference 3 for 
amplifiers shming penmnent degradation effects are 
not useful to the designer in this instance since they 
are a function of dose rate. It is more useful to cal- 
culate the dose rate at which H saturates at an accep- 
table level, In the case of the present amplifier we 
require H 3 0.8 and, in order to find on which curve H 
saturates at 0.8, we refer to Figure 7. The recoveq 
rate is-y eater than the degradation rate at D ( 10 
rad min for H + 0.8. 

If wa apply the sama geosynchronous dose-depth 
curve as used3for previous space amplifier shielding 
calculations and assume that the incident dose is 
linear with ti&+ the 4 n_?hielding thickness required 
to give I? < 10 rad min is + 4.5 rm Al. T.m other 
linear amplifiers using the same transistors operating 
at higher ‘current level (17mA) were also irradiated. 
Due to the lmer sensitivity of hFE at higher collector 



currents there was no significant performance degra- 
dation (AG c 0.5 dB for radiation doses up to 1 Mrad). 

3. SENXTMTY OF MEDIUM AND HIGH 
mm TRANs1sToRs AND ANPLIFIEBS 

3.1 Introduction 

Although rcedium and high per microwave tran- 
sistors operate at higher d.c. current levels and 
collector voltages, they have similar junction geo- 
metries to small-signal devices. Whereas small-signal 
lcx+noise transistors have interdigitated emitter- 
base junctions, higher power transistors can have 
structures with even higher emitter-periphery to base 

~~rT~T~“c~~~t~~~r~~e ~t;;$gy$ . 
use of larger nu&ers of emitter fingers and klti- 
cell designs for heat partitioning means that radia- 
tion-sensitivity at the working bias current is as 
likely as with small-signal devices. Since hFE is 
clearly the rxst important radiation-sensitive para- 
meter, the follcwing results on irradiating and ava- 
lanche stressing medium and high power transistors 
and amplifiers concentrate on the sensitivity of this 
parameter and its effects on performance degradation. 

3.2 Medium Pawer Cases 

Medium wr transistors are generally used 
either in linear class A applications similar to those 
described for small-signal transistors or in class C 
amplifiers. Both permanent and recoverable types of 

% 
degradation have been observed in this category 

o transistor. Figure 11 shows the degradation at lcw 
current and recovery at different current levels for 
one of the latter types of device (TRW 54201). 
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Figure 11. Radiation-induced degradation at 1~ 
current and current-induced recovery at succes- 
sively higher constant base currents for the 
TRW 54201 medium per transistor. Pre-irradia- 
tion collector currents are shown for the same 
base currents. 

This device is normally operated in a class A, cmn 
emitter, madiurn power amplifier at 100 mA/2OV with 
500 mW output at 2 GHz and 10 dB gain. Unless the de- 
vice is used in a cold redundancy condition, it is 
clear that the normal operating current should be suf- 
ficient to maintain a recovery rate higher than the 
degradation rate in most radiation environments. An 
example of permanent degradation is the FX LKE 32001 
which is also normally operated in a catnon-emitter 
configuration. In this case the normalized 

23 
at the 

application bias of 50 mA/lOV and a dose of 0 Krads 
(Si) was H = 0.5 for hFEo values between 50 and 70. 
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If this result is compared with those for small-signal 
devices in Figure 1 it is evident that this nedium 
px~~er device is inherently rtxxe sensitive. It should 
be noted that the current density at 50 mA in the me- 
dium per device is about twice that of the small- 
signal devices which were measured at 4 mA. It may be 
concluded from this that all class A linear amplifiers 
designed for applications in a radiation environment 
should follow the same design rules as laid out in 
Reference 3 for the special case of small-signal tran- 
sistors. It cannot be assumed a-priori that high cur- 
rent applications necessarily mean ICN radiation sensi- 
tivity. This criterion may hcxlrever apply to lower fre- 
quency transistors where the junction layout is diffe- 
rently designed. Ccxrutrants on class C operation are the 
same for medium and high per transistors and, al- 
‘chaugh the next section details results on high Ipwer 
transistors only, i.e. the results apply equally well 
to the few medium power applications in this class. 

3.3 High Power Cases 

Transistors operating in high per conditions 
either in class C or sane similar hybrid class are 
expected to be less sensitive to changes in hFE. The 
reason for this is that this mode of operation i 
similar to switching from cut off to saturation ?6 and 
the hFE doe s not directly affect this action, unless 
it is significantly degraded at high current levels. 
The transistor is not directly biased and only opera- 
tes when the input pcxlrer is above a certain level re- 
quired to drive it into conduction and the d.c. cur- 
rent is the mean of resulting high current “pulses” in 
the collector. The hFE does not affect this d.c. bias 
current directly as in class A amplifier since it is 
a function of input power, transistor a.c. gain and 
circuit topology. Different types of high pcwer tran- 
sistors have been found to shm “permanent” degra- 
dation due to irradiation but, in the cases k ere they 
were operated in class C amplifiers, it was found that 
the rnicrcrwave performance was not affected by hFE. 

Transistor hFm, hFF at AMPLIFIER PERFORMANCE 

500 Krads AT 1.5GHz, VCC= 28V 

Ic= v c!s = 5v Ic P in P out 

100 PA mA lnw W 

Msc 3005 62 32 510 334 6 

TRW 2003 23 18 468 220 3 

nw 1417-11 28 9 390 1160 5 

Table 1. Results of single stage class C amplifier 
radiation-induced degradation. 

Table 1 smizes these results for three transistor 
types and three amplifiers. Operation at saturated 
per outputs for a few hours recovered the original 

hFE values. In this case, the recovery is a ccmbina- 
tion of temperature (T.s150°C) and current annealing. 
Since it occurs relatiaely rapidly and microwave per- 
formance is not affected by hFF degradation or recove- 
ry the phencxrenon has not been studied in any more de- 
tail. 

Degradation of the same three amplifiers with an 
emitter-base d.c. avalanche current stress has also 
been studied and similar results for hFE degradation 
and recovery without affecting the microwave perfor- 
mance were found. It cannot be assumed that all high 



pmer transistor cases are totally insensitive to 
kFE degradation since it has been shown that signifi- 
cant pcwer gain drops due to emitter-w micrawave 
frequency avalanche stress can occur . Figure 12 
shms an example of the degradation of H as a func- 
tion of tims due to the aforementioned type of emit- 
ter-base stress. 

Ic - 120mA 
x IgASE:15mA 

It can be seen that a gain degradation of 1 to 2 dB 
occurs and this can affect the overall amplifier per- 
formance 17. Annealing under c.w. drive conditions was 
found to be similar to that mentioned for pure class C 
transistors. The class B/C amplifier results appear to 
contradict those of Table 1 but it should be noted 
that the degradation at the operational current level 
was lower for the class C amplifiers. It was impossi- 
ble to determine whether or not the type of stress 
affected micrawave performance degradation since the 
physical and circuit construction did not lend itself 
to radiation studies. The fact remains that microwave 
and d.c. degradation can be related even in large sig- 
nal transistors and it is conceivable that radiation- 
induced degradation could lead to similar effects. It 
is therefore advisable to investigate each high pawer 
ar@ifier configuration on a case by case basis. 
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Figure 12. Degradation of normalized hFE (H) of 
class B/C amplifier as a function of tI.m? for a 
peak multicarrier input drive of 4 W. 

The class B/C amplifier operates at 10 W out at 1.5 
GHz and uses an internally matched TRW transistor with 
four SB2000 cells which are exactly the sane type as 
those used in the TRW 1417-11 four cell transistor 
shown in Table 1. The emitter-base stress was induced 
by driving the amplifier with an input pulse of 4 W 
peak, 1 W man per which simulates the multicarrier 
inpu~,signal (>l2 carriers) for which it was desig- 
ned . Figure 13 shcm the microwave transfer charac- 
teristics corresponding to the pre- and pst stress 
conditions. 
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Since many types of high power transistors am- 
tain amplifier matching networks, it is important to 
determine whether or not the MX matching capacitors 
used as part of these networks could drift in value 
due to radiation. Capacitance-voltage measurements 
have been made on the MOS capacitors in TRW 1417-11 
transistors after isolating them from the transistor 
chips. It was found that there was no voltage depen- 
dence of the 1 MHz capacitance. This means that a 
high substrate doping level is used and that there 
should, consequently, be no change in the capacitance 
value with radiation. The latter fact was confirmad 
up to a cumulative dose of 2 Mrads (Si) and can also 
be inferred frcxn the results of Table 1. 

CONCLUSIONS 

It has been shm that most microwave bipolar 
transistors are, to a certain extent, sensitive to ac- 
cumulated ionizing radiation dose. Since 

F 
is the 

most important parameter for linear ampli ieEr applica- 
tions, these investigations have concentrated on its 
sensitivity for the various power levels of transistors. 
Both permanent and recoverable types of hP degradation 
have been observed and it is concluded thaE, in both 
cases, signif icant amplifier perfomance degradation 
my occur in mall-signal and madium power applica- 
tions. In general, class C amplifiers are less sensiti- 
ve to radiation-induced degradation but it has been 
shown that micrmave performance can be impaired by 
emitter-base avalanche stress. It is, therefore diffi- 
cult to pre-determine whether or not a specific tran- 
sistor technology or amplifier configuration is radia- 
tion-sensitive. If sensitivity is established and the 
degradation is permanent, then there are well esta- 
blished guidelines3for solving the ensuing radiation 
hardening problem . On the other hand, the phenomenon 
of recoverable hFE leads to a much more complex situa- 
tion where the recovery characteristic at the bias le- 
vel used in the application must first be determined. 
Once this is kncwn, it rray be decided that recovery 
is fast enough to overcm degradation in a slm dose 
rate environmnt (e.g. TRW 54201 Section 3.2). Recovery 
may also be so slow that a net degradation will result 
(e.g. NE 645 S ec ion 2.2.3). It should be noted that t 
this situation would be totally different in the case 
of high dose rate irradiations such as those simlated 
in flash X-ray systenr; but this type of problem is not 
addressed here. 

Figure 13. Power transfer characteristics 
of class B/C amplifier at 1.5 GHz before 
and after the hFE degradation shown in 
Figure 12. 

Insufficient evidence has been gathered to deter- 
mine the exact physical mxhanism for this type of ra- 
diation sensitivity and the reasons for its variation 
fran device type to device type. It is necessary to 
build special device structqes to study these effects 
at a more fundamental level . One tentative conclusion, 
based on a comparison between irradiated and emitter- 
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base stressed devices, is that direct generation of 
interface states is the most likely mxhanism for 
transistors which show current annealing effects. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 

See any December issue of IEEE Trans.Nucl.Sci. fran 
1972-1979. 

I. THcElsoN, IEEE Trans. Electron Devices, ED-25 (6) 
736-741 (June 1978). 

M. GIBSON and I. THCY%cpJ, IEEE Trans. Micrmave 
Theory and Techniques, Mm-26 (10) 779-788 
(October 1978). ----- 

L.L. SILO, IEEE Trans.Nucl.Sci., NS-19 (6) 305-312 
(Dece 1972). 

See for example J.F. Vl%WEY and A. HERINGA, IEEE 
Trans. Electron Devices, ED-24 (5) 519-523 (May 
1977). 

C.D. w and F.C. FITCHEN, “Ixw Noise 
Electronic Design” (Wiley, New York, 1973). 

J.M. AITKEN and D.R. YOUNG, IEEE Trans.Nucl.Sci., 
NS-24 (6) 2128-2134 (December 1977). 

S.M. SZE, “Physics of Semiconductor Devices” 
(Wiley, New York, 1969). 

9. B.A. MclXNALD, IEEE Trans. Electron Devices, ED-17 
(2) 134-136 (February 1970). 

10. C.G. ENMS et. al., IEEE Trans.Nucl.Sci., NS-21 
159-166 (December 1974). 

11. P.S. WINXJR, J.M.M. M?X?IUTY and H.E. EKXSCH Jr., 
IEEE Trans.Nucl,Sci., NS-23 (6) 1580-1585 
(Decer&er 1976). 

12 C.E. BARNES, Phys.Rev. B i (12) 4735-4746 (June 
1970). 

13 D.V. LANG and L.C. KIMEXJN G, App.Phys.I&t. 33 (8) 
489-492 (August 1974). 

- 

14. E.T. CASTERLINE AND J.A. BENJAMIN, Solid State 
Tech. 51-56 (April 1975). 

15. D.J. LA CCMBE, R.J. NASTER and J.F. CARROLL, IEEE 
Trans. Parts, Hybrids and Packaging, PHF-13 (4) 
354-360 (December 1977). 

16. See for example, R.G. HARRISON, IEEE J. Solid-State 
Circuits, SC-2 (3) 93-102 (Septerrber 1967). 

17. M. GIBSON et.al., FSA Journal 1 353-359 (1977) . 

4306 


