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The radiation effects of the metal-oxide-semiconductor (MOS) and the bipolar devices are characterised using

8 MeV protons, 60 MeV Br ions and 1 MeV electrons. Key parameters are measured in-situ and compared for the

devices. The ionising and nonionising energy losses of incident particles are calculated using the Geant4 and the stopping

and range of ions in matter code. The results of the experiment and energy loss calculation for different particles show

that different incident particles may give different contributions to MOS and bipolar devices. The irradiation particles,

which cause a larger displacement dose within the same chip depth of bipolar devices at a given total dose, would generate

more severe damage to the voltage parameters of the bipolar devices. On the contrary, the irradiation particles, which

cause larger ionising damage in the gate oxide, would generate more severe damage to MOS devices. In this investigation,

we attempt to analyse the sensitivity to radiation damage of the different parameter of the MOS and bipolar devices

by comparing the irradiation experimental data and the calculated results using Geant4 and SRIM code.
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1. Introduction

In orbit, exposure to high fluxes of electrons
and protons can significantly reduce spacecraft life-
time due to total dose effects.!=3! For years, inves-
tigators performing radiation tests on metal-oxide-
semiconductor (MOS) and bipolar devices destined
for use in spacecraft have relied primarily on Co-60
generated gamma rays to simulate the natural space
radiation environment. A possible problem with this
simulation method is that the natural space radiation
environment consists mainly of high energy protons
and electrons, but does not consist of Co-60 gamma

[ The MOS and bipolar devices are two basic

rays.
types of Si-based ones. It is of significance to prop-
erly understand the radiation damage in the two types
of devices, which will help to clarify the difference in
radiation effects caused by different charged particles.

MOS devices may be susceptive to ionisation
damage, and the most sensitive part of the MOS de-
vices to radiation is the oxide insulator.l”) When inci-
dent particles pass through a gate oxide, electron/hole
pairs (ehps) are created by the deposited energy. In
SiOq, the electrons are much more mobile than the
holes,!%! and they are swept out of the oxide, typi-

cally in a picosecond or less. However, at the same
time, some fraction of the electrons and holes will
be recombined. The fraction will depend greatly on
the energy and type of the incident particles, such as
8 MeV protons, 60 MeV Br ions and 1 MeV electrons.
The number of the holes, which escape from the initial
recombination, influences the capability of the MOS
devices. The comparison of radiation effects on the
MOS devices caused by Co-60 gamma rays, protons
and electrons was investigated in the past years,[*7-8!
but there is little analysis related to the radiation dam-
age on MOS devices produced by Br ions, which would
produce more displacement damage.

Unlike MOS devices, bipolar devices may be sus-
ceptive to both ionisation damage and displacement
damage. Bipolar devices contain insulators on the
surface and Si bulk. Three basic processes could oc-
cur: (1) inversion at the surface, which occurs be-
cause of charge trapping in the insulator, (2) changes
in the surface recombination rate of minority carriers,
and (3) bulk damage.l”) The processes (1) and (2) are
related to the ionisation damage and the bulk dam-
age to the displacement damage. Different incident
charged particles, may contribute to the ionisation or
displacement damage differently, especially the heavy
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ions, but such investigations are few.[10~12]

The objective of this investigation is to examine
the irradiation effects on the electrical behaviour of
the MOS and the bipolar devices caused by protons,
electrons and Br ions under various dose levels. An at-
tempt is made to explain the radiation-induced degra-
dation of MOS and bipolar devices, based on calcu-
lations of the total ionising dose D; and displacement
dose Dy calculated using the Geant4 and the stopping
and range of ions in matter (SRIM).

2. Calculation of ionising and

nonionising doses

The use of rad-hard MOS and bipolar devices
in spacecraft for missions of long duration is in-
creasing. The rad-hard complementary metal-oxide-
semiconductor (CMOS) devices of CC4013 type and
transister-transister-logic (TTL) devices of 54LS86
type are chosen as samples. The sensitive region of

l

insulators

aluminium

the devices to the radiation effects must be analysed
before calculating the ionising and nonionising doses.

Figure 1 shows the lengthways structure of the
CC4013 devices. The sensitive region of the CC4013
devices to radiation effects (ionisation effects) is the
gate oxide, so that the projection range of incident
particles for the irradiation experiment must prepon-
derate over the location of the sensitive region. The
insulator thickness is about 500 nm, the thicknesses of
Aluminium and the gate oxide are about 1.2 ym and
50 nm, respectively.

Figure 2 shows the lengthways structure of the
54LS86 devices. The sensitive region of the 54L.S86 de-
vice to radiation effects (ionisation and displacement
effects) are both the Si bulk and the insulators. The
projection range of incident particles for the irradia-
tion experiment must preponderate over the location
of the p-Si region. The thicknesses of insulator alu-
minium and the p-Si region are about 1.5 ym, 1.6 ym
and 1.5 pm, respectively. Therefore, the projection
range of incident particles must be longer than 3.0 um.

gate oxide

S —

2

weli

Fig. 1. The lengthways structure of the CC4013 device.

n+ aluminium

insulators

Fig. 2. The lengthways structure of the 54L.S86 device.

The ionising absorbed dose D; and nonionising
absorbed dose (displacement absorbed dose) Dq pro-

duced by monoenergetic charged particles irradiation
can be calculated by following equations:

Di(t) = 1.6 x 1078 x LET(¢) x &, (1)
Dq(t) = 1.6 x 1078 x NIEL(t) x &, (2)

where, D;(t) and Dy(t) are the ionising absorbed dose
and displacement absorbed dose as a function of depth
in chip material of the devices, the unit is rad; ¢ is
the depth of device chips, the unit is gm; 1.6x1078 is
the unit conversion parameter, the unit is rad-g/MeV;
@ is the fluence of the incident particles, the unit is
p/cm? for protons, e~ /cm? for electrons and ion/cm?
for heavy ions; LET(¢) and NIEL(¢) are the ionising
and nonionising energy losses as a function of depth
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in chip material of devices and could be calculated by
the Monte Carlo code Geant4 and SRIM, the unit is
MeV-cm?/g.

The ionising and nonionising absorbed dose in de-
vice chips produced by both electrons and protons are
calculated using the Geant4 code. The ionising and
nonionising absorbed doses in device chips produced
by Br ions were calculated using the SRIM code. The
ionising dose in device chips produced by Br ions could
also be calculated using Geant4, and by which the cal-
culated result corresponds well with the SRIM. But
the nonionising dose produced by Br ions is difficultly
calculated using the Geant4.

The ionising doses per unit fluence of the protons,
electrons and Br ions are plotted as a function of the
chip depth of CC4013 device in Fig. 3, and in Fig. 4
the results are for 541.S86 device, based on the values
of the LET calculated by Geant4 and SRIM. We could
know per unit fluence of Br ions have stronger capa-
bility of ionisation than both protons and electrons in
the same depth, as shown in Figs. 3 and 4.

The nonionising doses per unit fluence of the pro-
tons, electrons and Br ions are plotted as a function of
the chip depth of the CC4013 device and 54LS86 de-
vice in Figs. 5 and 6, based on the values of the NIEL
calculated by Geant4 and SRIM. It could be known
that unit fluence of Br ions has stronger capability of
nonionising than those for both protons and electrons

in the same depth, as shown in Figs. 5 and 6.
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of the CC4013 device chip. The ionising doses were calcu-
lated by Geant4 for electrons and protons, and calculated
by both Geant4 and SRIM for Br ions.
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Fig. 4. The ionising dose per unit fluence as a function
of the 541.S86 device chip. The ionising doses were calcu-
lated by Geant4 for electrons and protons, and calculated
by both Geant4 and SRIM for Br ions.
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Fig. 6. The nonionising dose per unit fluence as a func-
tion of the 54LS86 device chip. The nonionising doses
were calculated by Geant4 for electrons and protons, and
calculated by SRIM for Br ions.

From Fig. 3 to Fig. 6, it could be seen the ion-
ising dose is over two, three and four orders of mag-
nitude more than the nonionising doses for Br ions,
protons and electrons, respectively. The Br ions have
the maximal capability of ionising, on the contrary,
the electrons have minimal capability of nonionising.
The results from Fig. 3 to Fig. 6 show that nonionis-
ing dose is much less than ionising dose, and heavier
particles contribute more to nonionising dose, which is
consistent with the Lindhard—Scharff-Schiott theory.
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3. Experimental details

3.1. Samples and test conditions

The objective of this investigation is to examine
the radiation response of the MOS devices and bipolar
devices irradiated by protons, electrons, and Br ions;
then, from the results, to determine the difference in
the susceptivity to ionisation and nonionisation dam-
age caused by different charged particles. To accom-
plish this task, large numbers of rad-hard CC4013 de-
vices and 54LS86 devices were used to be irradiated,
including CMOS Al-gate 4013 triggers and the TTL
54L.S86. The gate oxide of the CC4013 is SiOy with
the thickness of 50 nm. The thicknesses are about
1.2 pm and 500 nm for the Al-gate and insulators on
the chip surface of CC4013 device, respectively. The
thicknesses are 1.6 pym and 1.5 pym for the Al down-
lead and insulators on the chip surface of 54LS86 de-
vice, respectively. Uncertainties of measured parame-
ters are less than 5 percent.

The CMOS and TTL devices were unbiased dur-
ing irradiation, and measured with different test con-
ditions for different parameters, processed under MIL-
STD-883G specifications.
measured in-situ using a semiconductor parameter

Device parameters were

measurement systems, which consists of KEITHLEY
4200-SCS and AGILENT E4980A performed within
5 minutes during irradiation for charged particles.
Turn-around time between irradiation and device
measurement was maintained at approximately 5 sec-
onds or less. All irradiations and measurements were
performed at room temperature, and all of the sam-
ples were decapped.

A matrix board switching system located outside
of the irradiation chamber was used as a naster control
panel. The board interfaces up to four devices under
test (DUT) with the power supplies and measurement
equipment, as shown in Fig. 7. The matrix board was

Fig. 7. The photo of connecting board containing four
DUTs.

designed to have very high insulation resistance so
that extremely low current could be generated.

3.2.Irradiation sources and procedures

The test facilities used in this investigation are
the EN Tandem Accelerator in State Key Laboratory
of Nuclear Physics and Technology, Peking Univer-
sity, China for protons and Br ions; High Frequency
High Voltage Electron Accelerator in the Technical
Physical Institute of Heilongjiang Academy of Science,
China for electrons. The proton and Br ion tests were
conducted in a vacuum chamber with Faraday cup
dosimeter. Electron exposures were performed in lo-
cal atmospheric conditions.

Beam area of protons, electrons and Br ions were
defined, and held constantly. To ensure accuracy,
beam uniformity was monitored during the irradia-
tion. Then the fluence of the protons, electrons and
Br ions could be confirmed by the beam area and the
current measured by the Faraday cup. And the total
dose in CC4013 and 54LS86 devices could be calcu-
lated using the Egs. (1) and (2).

4. Experimental results

Figure 8 shows that the p-channel threshold volt-
age shifts with the total dose of the rad-hard CC4013
devices. The irradiation sources were 8 MeV pro-
tons, 1 MeV electrons, and 60 MeV Br ions. The
irradiation fluxes for 8 MeV protons, 1 MeV elec-
trons and 60 MeV Br ions are 1.66 x 10 p/cm? -s~1,
253 x 10 e~ /em? -s71 and 7.12x 107 ions/cm? - 571,
respectively. Test condition of p-channel threshold
voltage for the CC4013 devices is given in Fig. 8.

test device:

—17 rad-hard (levice:CC/l(;:‘\‘\\ 1

- test condition:

CLK input at ground;

—3 1 all other inputs; 1
ViN=-5V
T Vg = -5V, Ipp =10 pA 1

—5 4—=—Br ions: Eg; = 60 MeV, Flux = 7.12 x 107 ions/cm2 s
—e—proton: F, =8 MeV, Flux = 1.66 x 109 p/em? -s~1
1—a—clectron: Ee =1 MeV, Flux = 2.53 x 1011 e’/cm2 571

Change in p-channel threshold
voltage, AViy, /V

-7 T T T T T T T
1072 100 102 10%
Total dose/Gy

Fig. 8. The change in p-channel threshold voltage as a
function of total dose in CC4013 device chip.
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Figure 9 shows that the n-channel threshold volt-
age shifts with the total dose of the rad-hard CC4013
devices. The irradiation condition and test condition
for n-channel threshold voltage is given Fig. 9.
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Fig. 9. The change in n-channel threshold voltage as a
function of the total dose in CC4013 device chip.

It is noted that the data for 8 MeV protons,
1 MeV electrons and 60 MeV Br ions do not track
with each other under the same test condition for
both p-channel and n-channel threshold voltage shifts.
The change in the p-channel and n-channel threshold
voltage in the CC4013 devices for Br ions is smaller
than that for other particles. Such a result might be
attributed to the larger ionising energy loss for the
Br ions to traverse through the silicon dioxide (ap-
proximately 0.5 pum) and aluminum (approximately
1.2 um) layers of the test samples. The incident par-
ticles giving higher ionising energy loss could induce
higher recombination rates for the ehps caused by
ionisation in the gate oxide (SiO2), producing lower
radiation-induce degradation of the threshold voltage.

Figure 10 shows the change in input clamp volt-
age as a function of total dose for the rad-hard 54L.S86
devices. The irradiation sources were 8 MeV protons,
1 MeV electrons, and 60 MeV Br ions. The average ir-
radiation fluxes for 8 MeV protons and 60 MeV Br ions
are 1.12x10° p/cm? - s71 and 8.60x 107 ions/cm? - s~ 1,
respectively. The irradiation fluxes of 1 MeV elec-
trons are 2.79 x 10! and 1.58 x 102 e~ /em?-s~1. The
test condition for the input clamp voltage is given in
Fig. 10.

The data for protons, electrons, and Br ions do
not track with each other under the same test condi-
tion for the change in input clamp voltage, especially
for the high flux (1.58 x 10'? e~ /cm?-s7!) and low
flux irradiation electrons (2.79 x 101! e~ /em?-s71).

Change in the input clamp voltage produced by low

flux electrons is lower than that for high flux electrons.
Being contrary to the CC4013 devices, Br ions can give
most largest contribution to the change in input clamp
voltage of the 54LS86 devices. This phenomenon can
be attributed to the susceptivity to displacement dam-
age for the bipolar devices, because the Br ions could
produce the most nonionising damage than the others.

0.02 T T T m T T T
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—0.02 A test condition:
Voc =45V, iy = —18 mA

—0.04 A
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—y—electron: Eo =1 MeV, Flux = 2.79 x 10*! e~ fem? 571
—0.08 T T T T T T T
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Total dose/Gy

Change in input clamp voltage, AVic/V

Fig. 10. The change in input clamp voltage as a function
of the total dose for 54LS86 device.

The change in low level supply current as a func-
tion of total dose for the rad-hard 54L.S86 devices is
shown in Fig. 11 where the irradiation and test condi-
tions are given. The results in Fig. 11 show that the
data for protons, electrons, and Br ions does not track
with each other under the same test condition for the
change in low level supply current. Unlike Vic, the
change in low-level supply current Iccyr, of the 54LS86
devices is not distinctly influenced by the flux of the
electrons. The most distinction between the change
in Vi¢ and Iccr, can be related to the susceptivity to
radiation effects. Vi¢ is much more susceptive to dis-
placement damage, whereas Iccr, is much more sus-
ceptive to ionisation damage. The influence of radia-
tion damage on the change in Iccy, of TTL 54L.S86
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Fig. 11. The change in low level supply current as a func-
tion of the total dose for 54L.S86 device.
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devices is similar to that on the change in the thresh-
old voltage of CMOS CC4013 device for protons, elec-
trons, and Br ions.

5. Discussion

5.1. Irradiation source influence on MOS
devices

The results given in Figs. 8 and 9 show that
the damage produced by protons and Br ions in the
CMOS devices is always less than that by electrons.
An explanation for the above results might be that the
ionisation capability is discrepant for different parti-
cles irradiations, and that MOS devices are susceptive
to the particles that produced severe ionising damage.
The ionisation damage, proportional to ionising dose,
is mainly lead by the trapped holes in the gate oxide
and the interface traps, which is generated by charged
particles.

The physical processes that lead to the creation
of ionisation damage are: 1) the generation of ehps, 2)
the prompt recombination of a fraction of the gener-
ated ehps, 3) the transport of free carriers remaining
in the oxide, and either 4a) the formation of trapped
charge via hole trapping in defect precursor sites or
4b) the formation of interface traps via reactions in-
volving hydrogen.!13—15]

Once generated, a fraction of the ehps is annihi-
lated through either columnar or geminate recombi-
nation (process 2). The ehps that escape this initial
recombination process divided by total ehps generated
is the fractional charge yield. Figure 12 plots the frac-
tional yield of holes generated in SiO as a function of
the radiation type.[":5 The figure also indicates that
electron-hole pair recombination is a function of the
electric field within the material.['] Tt is believed that
electrons, having a much higher mobility than holes
in oxides, could rapidly be swept out of the dielec-
tric. The surviving holes will undergo polaron hop-
ping transport via shallow traps in the SiOs (process
3). A fraction of these transporting holes may fall into
deep traps in the oxide bulk or near the Si/SiOq in-
terfaces, forming trapped positive charge (process 4a).
The hole trapping efficiency is also a function of the
The trapped hole defect
may, depending on their proximity to the interfaces,

electric field in the oxide.

exchange charges with the underlying Si via electron
tunneling.!'”) Reactions between holes and hydrogen-
containing defects or dopant complexes can also lead

to the formation of a second type of ionisation defects:
the interface trap (process 4b).[*8]

A high LET particle or high ionising dose per unit
fluence will deposit more charges than a low LET one.
The surviving fraction is lower for a high LET parti-
cle or high ionising dose per unit fluence. The total
amount of charge per particle is proportional to the
multiplication of charge yield by surviving fraction.
The ionisation damage to MOS devices might be de-
termined by the initial charge yield. Reference [19]
believed that the initial charge yield would vary in-
versely with ionising stopping power.

o 1.0
2
S Co-60
- 0.8
9]
= 10-keV x-ray
Q0
£ 06
Q
Q
@
=
g 0.4 700-keV protons
P
o
o
S 0.2
=B
3 //‘-Q—Me\/ « particles
= 0 L L ! L
0 1 2 3 4 5

Electric field/MV -cm~1

Fig. 12. Fractional yield of holes generated in SiOz as a

function of electric field in the material.[1+5]

From the results in Figs. 3 and 8, a conclu-
sion, which is in agreement with the summing-up in
Ref. [19], could be putatively drawn that high ionising
dose per unit fluence or high LET particles in the same
depth for charged particles will lead to high initial
ehps recombination rates and low initial charge yields,
which produce low ionising damage to the MOS de-
vices; conversely, for low ionising dose per unit fluence
or low LET particles, the generated electron-hole pairs
will be farther apart, leading to lower initial recombi-
nation rates and higher initial charge yields, which
produce bigger ionising damage to the MOS devices.

The results in Fig. 9 show the large positive n-
channel threshold voltage shifts mainly caused by the
interface traps, because the positive oxide trapped
charge would give a negative shift. From the results
in Figs. 3 and 9, a conclusion could be putatively that
the amount of the interface traps would be inverse pro-
portion to the ionising dose per unit fluence of charged
particles.

Compared the results in Fig. 3 with Figs. 8 and
9, a conclusion could be putatively that the bigger the
ionising dose per unit fluence or the LET of charged
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particles in the chip sensitive regions, the lower the
ionisation damage to the MOS devices.

5.2. Irradiation source influence on bipo-
lar devices

Figure 10 illustrates the damage produced by Br
ions which is higher than that by the others in the
bipolar devices. One can conclude from the results in
Fig. 10 that the damage sensitivity increases from the
1 MeV electrons to 60 MeV Br ions, coordinative to
the results in Fig. 6. The nonionisation dose per unit
fluence in Fig. 6 is increased from the 1 MeV electrons
to 60 MeV Br ions. For the high flux electron irradia-
tion, the change in Vi¢ is different from that for other
particles, which may be influenced by the inner struc-
ture of the bipolar devices. Therefore, it is unbefitting
to select the high flux electrons for irradiation exper-
iment. It could be concluded that the voltage of the
bipolar devices is more sensitive to the displacement
damage based on the results in Figs. 6 and 10.

The change in low level supply current produced
by Br ions is lower than those by other particles as
shown in Fig. 11, which is opposite to the change in
voltage parameter of the TTL devices and similar to
the MOS devices.
that the current of the bipolar devices is more sen-

Therefore, it could be concluded

sitive to the ionisation damage based on the results
in Figs. 4 and 11. Extensive work has been done on
ionising radiation effects in the MOS devices. In con-
trast, little work has been related to the bipolar de-
vices. The oxides in the bipolar structure are similar
to MOS field oxides, and hence their radiation effects
could be similar, although the lateral fringing fields in

bipolar devices are lower in magnitude than fringing
fields in MOS field oxides.

To sum up, the parameter of the bipolar devices
may be susceptive to ionisation damage or displace-
ment damage. For example, the Vic of TTL 54LS86
devices is susceptive to displacement damage, while
the Iccr, of the TTL 54LS86 devices susceptive to
ionisation damage. Thus the bipolar devices could be
susceptive to both ionisation and displacement dam-
age due to different damage mechanisms, which is dif-
ferent to the MOS devices.

6. Conclusions

The calculated results of ionisation and displace-
ment dose by Geant4 and SRIM could be used to
analyse the experimental results for both MOS and
bipolar devices. The damage sensitivities of the MOS
and bipolar devices depend on irradiation source types
(electrons, protons, and Br ions) and energies. For the
MOS devices tested, the radiation damage produced
by 1 MeV electrons is greater than the damage pro-
duced by 8 MeV protons or 60 MeV Br ions, which
could show that the bigger the ionising dose per unit
fluence of charged particles in the chip sensitive re-
gions, the lower the ionisation damage to the MOS
devices. The voltage parameters of the bipolar devices
are susceptive to displacement damage, while current
parameters of the bipolar devices are susceptive to
the ionising damage, both of which could be well un-
derstood by the experimental data and the calculated
results of 8 MeV protons, 60 MeV Br ions and 1 MeV

electrons.
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