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ABSTRACT

It has been previously shown that small-signal
Hdcrowaveztransistors are sensitive to ionizing ra-
diation gnd 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 power output amplifiers. Two
types of E degradation have been identified viz.

"

permanent” “and room-temperature current dependent
"recoverable". Both types of degradation have been
found throughout the range of transistor types and it
is shown that they can also be similated 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 more camplex
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 degrada-
tion can occur in both cases. One example of microwave
performance degradation in a Class B/C amplifier is
described to illustrate the only known exception to
this rule.

1. INTRODUCTION

Microwave 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 characterization and "hardening"
of lower frequency devices *. The same effort has not
been expended on microwave bipolar transistors despite
the fact that they are now comonly used in communica-
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 shown that camonly used devices can be sen-
sitivg to the cumulative effects of ionizing radia-
tion . The was shown 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 shown to have an indirect but
significant effect on the microwave performance of
these devices due to the resulting ghange in bias con-
ditions in practical bias circuits ~. Irradiation of
conplete amplifier assemblies containing such transis-
tors has confirmed that significant microwave perfor-
mance degradation can ogeur at relatively moderate
cunulative dose levels . Estimates of equipment per-
formance in geosynchronous orbits indicated that B
with the present knowledge of the expected radiation
environment and the aforementioned ground-based tes-
ting results, specifications would not be met for the
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full design life of the satel}ite without due care to
radiation "hardening" design ~.

Detailed component and anplifier 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 from various
manufacturers, not 311 these devices had been studied
in the same detail “.

Microwave bipolar transistors are used in a wide
variety of applications from low 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 cccur 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 similated in flash X-ray systems
are not addressed in this paper. Supplementary work on
emitter-base avalanche stress is also discussed, Re-
sults are presented for two general groups of transis-
tors : 1) small-signal, 2) medium and high power. 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 cumlative ionizing radiation on
small-signal tranﬁistors have been described in some
detail elsewhere © and an expression has been derived
for the degradation of as a function of radiation
dose, measured collector Current, and starting value
of . Since the hF 's of these commonly used devices
were Eound to be very sensitive to radiation, small-
signal transistors from 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 §lready gained fram previcus
amplifier irradiation work ~. Two types of parameter
degradation were found viz. "permanent” and "recovera-
ble"; and the experimental results are now presented
separately in terms of these descriptions since they
require different treatments.

2.1 Permanent Parameter Degradation

Permanent 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 degradation of transistors A,

B and C, whose commercIal designations are 25C1268,
25C1336 (2N5650) and V222, respectively, obeyed the
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follwmg relatlonshlp for the normalized hW, H,
P/ gy
-
|1 +h.__C (I )(l/m)-l P_SD) I -
L FEO c J
is the pre-irradiation value of I B I, is the
collector current in Amps and D is the rad1 aflo_n_ dose
at chlp level. For the transistor types discussed in
xereregce 2, the constants C, m,and g were found to
be 10 7, 1.9 and 12 Mrads (Si) ~, respectively. In
order to compare the previously studied devices with
new results, H is shown in Figure 1 as a function of
h... for a dose of 500 Krads (Si) which ensures satu-
rated degradation. These results apply for a collec-
tor current value of 4 mA. This value of collector
current has been chosen since results may be more
easily compared with devices described in the next

gection
SeCtlilon.
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Figure 1. A comparison of permanent h_
of smll-mgnal transistors fram dlffkerent manufac—
turers for the same collector current (4 ma) and
irradiation dose (500 Krads (Si) ).

Results of irradiating similar devices from other
manufacturers are also shown on the same figure. Fewer
devices were available from other manufacturers (2 to
5 each) and a large spread of h,. values was not pos-
sible for comparison. Ionization damage dominates dis-

placement damage from hich energy electrons up to

cumulatlve doses 2 x 10" rads (Si) “ and, consequently,
the devices were irradiated with X-rays since this was
more convenient. A 150 KV tunasten target bremsstrah-

vier gsten target bremsstrah
lung X-ray tube which was callbrated with TID's was
used at dose rates between 1 and 10 Krads (Si) mi: !
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 NEC and did not saturate at 500 Krads
{(81). Figure 1 does not, therefore, show the maximum
degradation attainable for the Compagnie 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 most appli-
cations. Figure 1 may therefore be used asdirect com-
parisen of the relative radiation sensitivity of the
various devices and the basic sensitivity since the
emitter peripheries were comparable. The differences

in radiation-induced base current Cuut/uut:“\.a, cannot,

therefore, be explained by geometry alone. Apart fram

the difference in h.. sensitivity, the transistors
shown in Figure 1 behaved in the same general manner

dam tamo vsavmnmand M od aead £1oamn s ae
and the degradation was Permanenc. NO signiricant an

nealing effects were measured at room temperature.
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the microwave S /

) ameter curren
functions were found to be smular for all the above
devices, it was not necessary to irradiate amplifiers

built with these devices to determine their appllca—

tions limitations. The results already obtained from

amplifiers built \glth transistor types 25C1268,
25C1336 and V222 can be extended to given an estima-

te of the results for devices with lower sensitivities.

o~
iC

Tt is concluded that transistors can
which have a relatively low radiation sensitivity and
the judicious choice of such devices is the first step
in radiation hardening of the equipment in which they
are used. Equipment designers have not taken radiation
sensitivity into account in the past and have normally
designed around devices which have the best microwave
perfomance, but clearly these devices may be the most
radiation sensitive. It should be noted that a deter-
mination of hm, sensitivity alone may not be sufficient
to predict oveFall equipment performance and the _proce-
dure for radiation hardening at equipment level des-
cribed in Reference 3 is recamended for applications
involving the aforementioned types of devices with per-

Aaaradation
manent degradation.

be chosen

2.2 Recoverable Parameter Degradation

2.2.1 General description

All the transistors

described in the previous

Section had similar gain and noise figure perfomance
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 lower noise figures (~1.7 dB” at 2 GHz). Both devi-
ce types are produced by NEC and are designated NE 645
ard 644 referring to the 8.5 and 12 GHz fT's respective-
J.y ﬂ‘{dlpﬂ‘em_ level performance advantage$ in using
these transistors in broad-band low noise front end
receivers is such that they are being designed into
U.S. and Eurcpean satellites. Both types of transistor
exhibited a different radiation sensitivity behaviour
from that reported for the devices described in the

previcus Section and a more detailed description

this behaviour is now presented.

Irradiations were carried out with Y-r:-yq as de

cribed in Sectlon 2.1 and the Vm,/I bias COndlthﬂS
for minimm noise conditions applied 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 tvpes of
device exhibited a greater hF sensitivity than found
for any of the devices described 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 h_ degradation was accompanied 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/7 mA bias for about 30

mins. Results for a 25C1268 transistor with a permanent
degradation are shown for comparison. The hEE@ value

for the 2S8C1268 +ransistor is hicher than for +ha

AL AL AVY LA GUIDAo UL Lo didglicl Wl Wal LuL L
NE 645 device and yet it is considerably less sensitive
at low doses. There is almost an order of magnitude dif-
ference in the dose which results in the same hE‘E degra-
dation before saturation effects take place.
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Fiqure 2, degradation of an NE 645 transistor
after short= stabilization periods. The per-

manent degradation curve for a 25C1268 device is

shown for comparison.

This type of behaviour 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 sensitixity, with, in this case,
H=0.6 at D=5 x 10°.rads (Si) and saturating at
H=10.35atD=5x 10" rads (Si) for an hpgzagf 160.
These fiqures indicate a lower sensitivity that
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 two device types.

It is clear that the radiation-induced degra-
dation could lead to severe performance limitifions
since the S-parameters of these devices are as sensi-
tive to collector current as those of Section 2.1..
The degradation mechanism did not fit the patt
previously described for permanent degradation “ so
more detailed characterisation was necessary and most
of this was carried out on the NE 644/645 transistors.

2.2.2 Detailed characterization of deqradation and
recovery effects

Detailed characterization of d.c. current-volta-
ge relationships were performed to compare with the
25C1336, 25C1268 and V222 transistors. In addition,
low frequency noise measurements were performed since
this is a measurement of interface state density which
is otherwise impossible on bipolar transistors that 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 comparison was that
the latter degradation mechanism has been studie66 longer
has also been reported to have recovery effects °, and
a ocomparison 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 emitter-base
regions of microwave transistors result in breakdown
voltages in the region of 3 to 5 volts. This certainly
indicates that tunneling, rather than gvalanche is the
dominant current generating mechanism .

The basic reason for hFE degradation by radiation
4300

or hot carriers is the generation of interface states
and/or positive change trapped in the oxide. Both
effects can give rise to an increase in surface recam
bination but it is difficult to separate gne frem the
other with the present device structures . Increased
surface recambination gives rise to an increased base
reconbination current with the form Igvexp (2 BE).

Figure 3 illustrates this effect by displayingsz
and I, as functions of V_ before and after an ir-
r&dlatioR dose of 500 krads™¥si). The collector cur-
rent is %tad by radiation and retains its form
Ic~exp (_"BE) over most of the range of values.

Exactly th%kgane detailed characteristics were found
for emitter-base avalanche degradation. There is no
difference in this base current increase feature be-
tween any of the device types discussed thus far in
this paper including those in Section 2.1..
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Figure 3. Collector (I.) and base (I.) currents as
a function of emitter—gase voltage ~(V_.) before
and after irradiation, demonstrating inGFease in
base surface recombination current (n = 2). I_ is
not radiation sensitive. ¢

Although the reverse leakage current I and

I increased due to irradiation, the absoggge level
wiEOstill low (<100 pA at 8V) and I__ did rot change.
On the other hard T was the only ameter which
did change in the cggg of avalanche stress. Breakdown
voltages BV, ., BV, did not change due to either
type of strggg. Transistors with permanent degradation
effects on the other hand demonstrated marked BV
degradations (e.g. -13% for 500 Krads (Si))and tho2
has been explaineg in tems of positive charge genera-
ted in the oxide °.

An example of the change in the noise characte-
ristic after irradiation is shown in Figure 4 for the
same device and radiation conditions as shown in Fi-
gure 3.
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FPigure 4. Noise current as a function of fre-

A i ey in +ha 1/f raginn
quency, showing the increase in the 1/f region

due to irradiation. Device and irradiation con-
ditions are the same as those of Fig. 3.

The relationship between the equivalent input noise
current, i_, and surface regcmblnatlon velocity in
the 1/f rpgmn is given by ~ : -

n o0 B (2)

where n is a constant (1-1.5), f is the frequency,

IB the base current and S0 is the surface recombina-
tion velocity. Since S_ 1S proportional to the inter-
face state density N__; the noise current is also di-
rectly related to N_- through (2). I_ was kept con-
stant for all nmsesr?‘easara'rents Although the con-

tributions to 1/f noise from bulk and surface recom—
bination centers cannot be separated before irradia-

i noct -1 i i current ig partainly
tion, the post-irradiation base current is certainly

dominated by surface currents as shown in Figure 3.

The results shown in Figure 4 indicate, therefore,
that the ratio N {mc+-1w:ﬂw:+1nn\ : N {(nre-—

racio pOStTIITaclation; Ny \PIE

irradiation) is a% least 3 : 1. Similar results were
obtained with an emitter-base avalanched device which
was degraded to give the same relative I_A__ rela-
"B’ BE
thnShlp shown in Figure 3.

NE 644 and 645 transistor types were found to
recover their characteristics at roam temperature if
they were biased in the forward (active) mode. The
recovery rate was a non-linear function of collector
current as shown in Figure 5. Recovery of H for two
similarl iy ucle_cxucu transistors is shown for 7 ma,

15 mA and 35 mA.
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Figure 5. Room temperature recovery of the function
H with different constant collector currents for

two NE 645-80 transistors after irradiation.

This shows that both the form of recovery and its cur-
rent dependence are camplex and it is only possible
to express H as segmented logarithmic functions. The
effect was not a purely them(a)l one since junction
tenperatures of less than 100 C arose from hegting
ana the 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 mA recovery characteristic.
This is supported by the fact that slow but signifi-
cant annealing was measured at collector currents as
low as 100 pA (BV ) where theojunctlon temperature rise
d.LLJVE GllUl.t:llL J.b J.Ebb L..lld.ll L C .Lll UUIlL.LdbL LU ULLb,
only slight long term annealing at high currents was
observed on "permanently" degraded devices. As a
further complication to quantifying the effect, it
was found that the recovery characteristic is, to a
certain extent, dependent on the depth of degradation
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Figure 6. Room temperature recovery of H for NE 645-

80 transistors showing dependence on depth of degra-

CLransistors Ang aepencence O OL Gegra

dation and similarity between irradiation and emit-
ter base avalanche stressed devices.

In this example, the recovery of three different devi-
ces at 7 mA and one at 10 mA is shown. Some 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 H=0.75 and,
although it was recovered at a higher current, it will

~lanmle

clieariy take an tixu.cul:i.y Luug time to LLLL.Ly recover.

Where almost complete recovery has been achieved by
using high collector currents, the d.c. characteristics

hatr nracdeadld Akl e g
and 1//f noise returned to their pre-irragiacion values

at normal operating bias levels. Recovery of a device
which was degraded by emitter-base avalanche is also

showm in F"\r\mrﬂ [ :anﬂ Ancvﬁ te the faster recovery

rate, the reoovexy mechamsm is clearly very similar to
that of irradiated devices.

Similar 1/f noise measurement results and recovery
behaviour were found for HP HXTR 6104 type transistors.
A comparable set of recovery curves as those shown in
Figure 6 were 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
fram 0.37 to 0.5 in 140 minutes for an HXTR 6104
whereas, for the same recovery with the same collector
current densit ' an NE 645 device took an order of mag-
LL uue UL L.Lllﬂ .LUIl\jEL-
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It is quite clear from 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 must be accounted
for. This problem is now discussed in detail for the
NE 645 transistors since, of those devices studied
thus far, these exemplify the highest sensitivity and
lowest recovery rate. Devices operated in cold redun-
dancy (i.e. no bias) for long periods may, when swit-
ched on, have hF values only 10% of the original va-
lue and, unless gney are operated at high currents
(e.g. 20-30 mA), recovery could be too long to be of
any practical benefit. Devices continuously operated
at high currents may not show any appreciable net de-
gradation since their recovery 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 camplex manner on the
dose rate and collector current, it has been impossi-
ble with the number 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 similtaneously. The first
step was to experimentally determine H at 7 mA/8V bias
as a function of dose, D, under conditions where negli-
gible recovery was allowed. H was then calculated as a
function of time for fgfr diggareng3chip leve_.’gldose
rates viz, : D=1, 10 7, 10 “, 10 ~ rads min . This
results in a family of degradation curves H (7md/8V)
as a function of time and these are displayed as bro-
ken lines in Figure 7.
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Figure 7. Degradation and recovery of H as a function
of tixre__for different_}rradiatigg dose rates B D=1
rad_liu'n , (B} D =510 rad min °, (C) D = 10 ” rad
min °, (D) D=10 ~ rad min ",

Superinposed 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 recovery co-exist, there would be no
net_t}egradation if H= 0. In the case of D = 1 rad
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 deice was irradia-
ted at a dose rate of D = 1 rad min - which was simu-
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 experimentally whether this
would apply equally well in practice for the lower dose

4302

rates. If it is assumed that it would apply, the satu-
rated values of H can be determine from Figure 7 by
determining where the slopes of the degradation and re-
covery curves are equal. Since the recovery curves are
a function of time, and are steeper for lower dose rate
curves, the points at which H = 0 occur at higher
values of H for the lower dose rates. From Figure 7
the sa_t;Yrated H YTlues are estimated at H =,0.7-0.8 §?r
D=10 " radmin *, and H= 0.9 for D = 10 “ rad min
Degradation would be almost entirely dominated by re-
covery for lower dose rates.

Additional recovery experiments were carried out
whereby the base current, rather than the collector
current was held constant. In practice the bias circuit
usually bia§es the devices somewhere between these two
conditions ~. Recovery curves for H and I were compa-
rable to those of Figure 6 and it may be Goncluded
that Figure 7 may 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 from this
Fiqure.

2.3 Physical Mechanisms for Permanent and Recoverable
Degradation Effects

The radiation-induced d.c. parameter changes cb~
served in the cases of permanent and recoverable degra-
dation effects indicate that the basic physical mecha-
nisms involved are entirely different. This is further
supported by the emitter-base avalanche experiments
whereby degradation was found to require much less
stress for an NE 645 than 25C1336 device. (In the for-
mer case H = 0.4 after an avalanche current stress of
100 vA for 15 mins., whereas in the latter case, it
took one hour to reach H = 0.77 with five times the
current density). A physical model based on the well
known generation of positive oxide charge has already
been proposed to explain the permanent degradation ef=
fects observed on small-signal microwave transistors
This model does not, however, fit the experimental ob-
servations 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 breakdown voltage. On the other hand there is
clearly a large increase in the surface component of
base and collector currents which is due to an increase
in surface state density N__. The experimental evidence
points to a more direct inffease in N__ rather than an
indirect effect due to a change in ace potential
as is poitulated for the case of permanently 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 known that
interface states and oxide charge may be simultaneocusly
generated and the technique has recently been proposed
to study these effects in MOS structures to campare ra-
diation hardness of different oxides '. Our 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 more that direct production of
N__ is the basic physical mechanism for degradation.
THe majority carriers injected into the surface emitter-
base region under forward bias recovery conditions do
not have the energy required to overcome the Si—8102
barrier to annihilate oxide charge, but could reach
charge within tunneling distance.

It was observed that hF degradation was highly
dependent on whether or not g’ne transistor was actively
biased. This effect was of the same magnitude as that
found previously for permanently degraded transistors



Further experiments comparing 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 same higheral;nFE
sensitivity. This means that in the interdigitat
transistor structure, the field in the parallel MOS
capacitor plays a negligible role campared to the
junction fringing field as was proposed in reference
2. It is known that bias conditions 38 also affect
the production of NS in MOS devices — and this can
be due to a complex interaction with positive charge
produced in the oxHe 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 a 4S(§,Saration of these ef-
fects has proven difficult .

Tt is possible that the interface states intro-
duced (directly or indirectly) by radiation or hot
carriers may be annealed by interaction with the dif-
fusion current or possibly the recambination 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 nd direct re-
lationship.BReoonbination current annealing has be?Q
observed in irradiated Gahs light emitting diodes
and this may be explained by a mechanism whereby elec-
tron-hole ﬁcarbi_nation at the defect enhances its
annealing ~~. This mechanism may equally well apply
to the recovery process described here for bipolar
transistors.

2.4 Amplifier Performance Degradation

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

Igy=108mA

Figure 8. Schematic diagram of MIC (0.8-1.3 GHz)
Tow noise amplifier. Distributed microstrip
elements are indicated by shaded areas.

Since complex recovery and degradation effects were
expected, the results are presented in terms of per-
formance changes for specific changes. The radia~
tion doses required to arrive at these changes are re-
lative since the transistors were allowed sufficient
time to recover after irradiation so that stable micro-
wave measurements were possible. Results of radiation-
induced degradation on overall gain and noise figure
are shown in Figure 9.
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Figure 9. Gain and noise figure as a function of
cumulative irradiation dose, D, for amplifier
shown in Figure 8.

These parameter changes correspond to changes in
the three transistors as shown in Figure 10 where the
same relative dose as Figure 9 is displayed.
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Figure 10. Normalized (H) as a function of
cumilative irradiation dose, D, for the three
transistors Tl' T2 and ’J.‘3 of Figure 8.

There are slightly different hFED sensitivities for
different devices due to different and I _ values,
but in general the amplifier goes out of gai.ncspecifi-
cation (AG = 2 dB) at H % 0.8. Further optimization of
the bias networks will not eliminate degradation
unless active bias networks are used ~. Survival time
predictions of the type detailed in Reference 3 for
amplifiers showing permanent 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 recovery
rate is_greater than the degradation rate at D g 10
rad min -~ for H > 0.8.

If we apply the same geosynchronocus dose-depth
curve as used,for previous space amplifier shielding
calculations ~, and assume that the incident dose is
linear with tim—_32 the 4 n_Thielding thickness required
to give D < 10 © rad min © is > 4.5 mm Al. Two other
linear amplifiers using the same transistors operating
at higher current level (17mA) were also irradiated.
Due to the lower sensitivity of hFE at higher collector
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currents there was no significant ry:rf’mm;:nnp deqra-

CuLrients there Was no S1gnilicant periormar egra

dation (AG < 0.5 dB for radiation doses up to 1 Mrad).

3, SENSITIVITY OF MEDIUM AND HIGH

o oRANCLIAVILY T MEULUM AND DAsh

POWER TRANSISTORS AND AMPLIFIERS

at higha onvrvant 1auvala and
at nigner a.c. current ievels ami

, they have similar junction geo-
signal devices. Whereas small-signal

have interdigitated emittior—
tors have interdigitated emitter-

l-noige tranai

metries to smal
base junctions, higher power transistors can have
structures with even higher emitter-periphery to base

5 e +an ey ravrata mat~hin, ~lvemiida
area ratios and often lu-vuiaur"'sc matching circuits

comprising MOS capacitors In addition, the
use of larger nunbers of emitter fingers and multi-
cell designs for heat partitioning means that radia-
tion-sensitivity at the working bias current is as
likely as with small-signal devices. Since is
Clearly the most _Lmyuj_ua.ut_ radiation-sensitive para-
meter, the following 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.

11 D Mnona
3.2 Medium Power Cases

Medium power transistors are generally used

4 n 13 ol A arnnlications cimilar +0 +hoge
either in linear class A appiications simiiar to tnose

described for small-signal transistors or in class C
amplifiers. Both permanent and recoverable types of
h... degradation have been cbserved in this category
of “transistor. Figure 11 shows the degradation at low
current and recovery at different current levels for

o~ ~ av biresa ~AF et s (O BAN
one of the latter cypes O device VinW J%2

AAMETANT RAGE AT e £ A 1

. LUNDITANT BAdE LUI‘(P‘YC_NI UKIVE \MA) —* 100
: oo T T eeT T og T T e T e )
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| ; 4

08} ~8

\\ IRRADIATION | _RECOVERY . / i 0
|

@ PRE-RAD ;
1 VALUES ‘

o I

( « \ \
[ 0° 0 2 3 4
__DOSE__rads(Si)  RECOVERY TIME {HOURS) —L,}

_.

“v\/qv\rwr\A Aocradatrion ot

sively higher constant base currents for the
va 5420L lCdJ.WH WWCL t.LGJlDJ.DtVL- K.J..T; .LJ.LEId_LCL

tion collector currents are shown for the same
base currents.

This device is normally operated in a class A, common
emitter, medium power amplifier at 100 mA/20V 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-

3~ =% R3] ey e 4 1SS Veia) +h +hn
ficient to maintain a recovery rate higher than the

degradation rate in most radiation environments. An
example of permanent degradation is the RTC LKE 32001

which is also normally operated in a camon-emitter
configuration. In this case the normalized h_. at the
application bias of 50 mA/10V and a dose of 500 Krad
(Sl) was H = 0.5 for hFED values between 50 and 70.
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If this result is compared with those for small-signal
evices in Figure 1 it is evident that this medium

power device is inherently more sensitive. It should

R o =Ye ek Ammaddry Ak BN mA 3w dha ma
be noted that the current GENSity at Ju Ma in wie Me—

dium power device is about twice that of the 11-
signal devices which were measured at 4 mA. It may be

s T 11 A, e 1] - mdb 11T Alaaas A drmmmrn a4 4 s
concluded f.I.UJII thia that all class A linear OLILICLS

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 low radiation sensi-
tivity. This criterion may however apply to lower fre-
quency transistors where the junction layout is diffe-
rently designed. Comments on class C operation are the
same for medium and HL\:]“ power transistors and, al-
though the next section details results on high power
transistors only, i.e. the results apply equally well

PUPIT PO o e 3 g PRI

to the few medium power applications in this class.

3.3 High Power Cases

Transistors operating in high power conditions
either in class C or same similar hybrid class are
expected to be less sensitive to changes in h__. The
reason for this is that this mode of operation-is,
similar to switching from cut off to saturation = and
the }‘ does not directly affect this action, unless
it is glqulcantly degraded at high current levels.
The transistor is not directly biased and only opera-
tes when the input power 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 h, does not affect this d.c. bias
current directly as in class A amplifier since it is
a function of input pawer, transistor a.c. gain and
circuit LOpDLOg‘Y Different typeb of high power tran-
sistors have been found to show "permanent" h._.. degra-
dation due to irradiation but, in the cases where they

were UPL:‘.LG.LEU JJl lebb k, dlll{.)L.LLJ.&Lb, .LL was LUUIICI tnat
the microwave performance was not affected by hFE'

Transistor i AMPLIFTER PERFORMANCE
AT 1.5GHz, V= 28V
Type iSOO Krads
I = v_=5 | I. |Pin |Pout
100 ma | o W
MSC 3005 o | w2 510 | 334 | 6
TRA 2003 23 | 18 468 | 220 | 3
TRW 1417-11] 28 | 9 390 {1160 | 5
| |

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

Table 1 sumarizes these results for three transistor
types and three amplifiers. Operation at saturated

power outputs for a few hours recover

oricginal
POWEL O a i&W NOWSs reCove

red the original
h. values. In this case, the recovery is a combina-
tion of temperature (T,v1507C) and current annealing.

i i 00 ivaly ranidly and micsrcemve rar—
Since it cccurs relatively rapidly and microwave per-

formance is not affected by h.. degradation or recove-
ry the phencmenon has not been studied in any more de-
+ail

T3l

Degradation of the same three amplifiers with an

3 Yo aualansha rvrant akvaas hao alan
emitter-base 4.c. avalanche current stress has also

been studied and similar results for h_. degradation
and recovery without affecting the microwave perfor-

2307 et b acmimad dlaad
vance were found. It cannot be assumed that

=

AT1 il
all 1Lyl



power transistor cases are totally insensitive to

degradation since it has been shown that signifi-
cant power gain drops due to emitter-bgse microwave
frequency avalanche stress can occur = . Figure 12
shows an exanple of the degradation of H as a func-
tion of time due to the aforementioned type of emit-
ter-base stress.

lo~ 720 mA

07 lgnge = 15mA
H
086
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02 gasE =05mA
0 E_ ——— ——- —

100 200 250
TIME (HOURS) ——»

Figure 12. Degradation of normalized hF (H) of
class B/C amplifier as a function of time 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 same 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 mean power which simulates the multicarrier
inputj_,.signal (>12 carriers) for which it was desig-
ned . Figure 13 shows the microwave transfer charac-
teristics corresponding to the pre- and post stress
conditions.

X BEFORE! oatn
o —o—— AFTER [ MFEDEGRADATIN

25 30
Py dBm—

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

Tt can be seen that a gain degradation of 1 to 2 dB
occurs and_this can affect the overall amplifier per-
formance 1. 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 microwave 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 power
anplifier configuration on a case by case basis.

Since many types of high power transistors con-
tain amplifier matching networks, it is important to
determine whether or not the MOS 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 confirmed
up to a cumulative dose of 2 Mrads (Si) and can also
be inferred fram the results of Table 1.

CONCLUSIONS

Tt has been shown that most microwave bipolar
transistors are, to a certain extent, sensitive to ac-
cumulated ionizing radiation dose. Since %‘ is the
most important parameter for linear amplifier applica-
tions, these investigations have concentrated on its
sensitivity for the various power levels of transistors.
Both permanent and recoverable types of degradation
have been observed and it is concluded thag, in both
cases, significant amplifier performance degradation
may occur in small-signal and medium power applica-
tions. In general, class C amplifiers are less sensiti-
ve to radiation-induced degradation but it has been
shown that microwave 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 guidelines,for solving the ensuing radiation
hardening problem ~. On the other hand, the phenomenon
of recoverable 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 known, it may be decided that recovery

_is fast enough to overcame degradation in a slow dose

rate environment (e.g. TRW 54201 Section 3.2). Recovery
may also be so slow that a net degradation will result
{(e.g. NE 645 Section 2.2.3). It should be noted that
this situation would be totally different in the case
of high dose rate irradiations such as those simulated
in flash X-ray systems but this type of problem is not
addressed here.

Insufficient evidence has been gathered to deter-
mine the exact physical mechanism for this type of ra-
diation sensitivity and the reasons for its variation
fram device type to device type. It is necessary to
build special device structuﬁes 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 mechanism for

transistors which show current annealing effects

aN=S18T0ore ACH ShCW QUXLrent anneasling eLieCts,
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