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Gamma-ray irradiation and post-irradiation response at room and elevated temperature have
been studied for radiation sensitive pMOS transistors with gate oxide thickness of 100 and
400 nm, respectively. Their response was followed based on the changes in the threshold volt-
age shift which was estimated on the basis of transfer characteristics in saturation. The
presence of radiation-induced fixed oxide traps and switching traps — which lead to a change
in the threshold voltage - was estimated from the sub-threshold I-V curves, using the midgap
technique. It was shown that fixed oxide traps have a dominant influence on the change in the
threshold voltage shift during gamma-ray irradiation and annealing,.
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INTRODUCTION

It is well known that ionizing radiation causes
the degradation of electronic components and materi-
als [1]. It is also known that gamma-radiation leads to
the creation of defects responsible for the increase in
the positive charge of the gate oxide and interface
states on the Si/SiO, interface of MOS components
and integrated circuits [2-4]. Radiation defects lead to
the instability of MOS transistors by changing their
electric parameters [1]. Recognizing these defects is
important if MOS components resistant to this type of
radiation are to be realized.

Originating in the 1970s [5], the idea of using a
pMOS transistor with an Al-gate as a dosimeter of
gamma-ray irradiation (also known as the pMOS do-
simeter or RADFET) based on the increase of transis-
tor sensitivity to irradiation, has since been further de-
veloped [6-9]. Possible practical applications of
pMOS dosimeters are, indeed, wide: their use as per-
sonal dosimeters, in the laboratory, radiation therapy,
spacecraft, nuclear equipment, and so on [10]. The
pMOS dosimeter, apart from the expressive threshold
voltage shift during irradiation, has to satisfy another
criterion upon irradiation: long-term stability of the
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threshold voltage shift at room temperature (fading),
i. e., the necessity of saving the information on the ra-
diation dose absorbed.

The basic concept of a pMOS dosimeter is to
convert the threshold voltage shift, AV, induced by
radiation, into the absorbed radiation dose, D. This de-
pendence can be expressed in the form of [11, 12]

AVy = AD" (1)

where AVy= Vr— Vo, V1ois the threshold voltage after
irradiation, V1o — the one before radiation, 4 — the con-
stant and n — the degree of linearity. Ideally, this de-
pendence is linear, i. e., n = 1, where 4 represents the
sensitivity, S of the pMOS dosimeter
AV

D

Irradiation results in the trapping of holes in the
Si0, and creation of interface states at the Si/SiO,
boundary. Both the trapped holes and interface states
contribute to the threshold voltage shift of pMOS do-
simeters in the same direction. This is why pMOS tran-
sistors, instead of nMOS transistors, were used as radi-
ation dosimeters in our study. We have shown that the
radiation sensitivity of a pMOS dosimeter can be in-
creased with the increase of oxide thickness [8, 9, 13],
as well as by stacking more transistors [14, 15]. It has

S (2)
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also been shown that the sensitivity of a pMOS dosim-
eter is energy-dependent [16, 17], expressed by the
dose enhancement factor which represents the radia-
tion between the sensitivity at incident radiation en-
e;ggy and the sensitivity of photons from the source
7 Co.

EXPERIMENTAL DETAILS

The experimental samples used in this study
were Al-gate pMOS transistors manufactured by the
Tyndall National Institute, Cork, Ireland [18]. Gate
oxides of 100 and 400 nm, respectively, were grown at
1000 °C in dray oxygen and annealed for 15 minutes at
1000 °C in nitrogen. The post-metallization anneal
was performed at 440 °C in forming gas for 60
minutes.

Irradiation was performed in the Metrology Lab-
oratory of the Vinca Institute of Nuclear Sciences, Bel-
grade. The pMOS dosimeters were irradiated at room
temperature using a source to the absorbed dose of D=
35 Gy (Si), at the absorbed dose rate D = 0.02 Gy (Si)
s”!. The gate bias during irradiation was V,,= 5V (the
other pins were grounded). Immediately after irradia-
tion, pMOS dosimeters were annealed at room tem-
perature for a time period of 5232 hours without polar-
ization (all pins were grounded). After that, annealing
on a temperature of 120 °C, also without polarization
on the gate and lasting 423 hours, was continued. The
pMOS dosimeter threshold voltage before irradiation,
V1o as well as during irradiation and annealing, Vr,
were determined by transfer characteristics in satura-
tion, i. e., the intersection between the V;-axis and ex-
trapolated linear region of the (I)"?- V [19], where
Vg 1s the gate voltage and [}, is the drain current.

The IV characterization was performed by a
Keithley 4200 SCS (Semiconductor Characterization
System) unit. The system is equipped with three me-
dium power source-measuring units (4200 SMU) for
IV characterization. The source-measuring units have
four voltage ranges: 200 mV, 2 V, 20 V, and 200 V,
while the current ranges are 100 pA, 1 mA, 100 mA,
and 1 pA. One of the source-measuring units is
equipped with a preamplifier which provides the mea-
surement of very low currents (in the order of pA).

Aerial densities of radiation-induced fixed traps,
ANy, and switching traps, AN, during irradiation and
annealing were determined from the sub-threshold I-V
curves, using the midgap technique (MGT) of

McWhoter and Winocur [20]. Fixed traps (FT) repre-
sent traps created in the oxide, while switching traps
(ST) represent traps created near and at the Si/SiO, in-
terface. The ST created in the oxide, near the SiO,/Si
interface, are called slow switching traps (SST), ST
created at the interface, fast switching traps (FST) or
true interface traps. FT represent traps in the oxide that
do not capture the carriers from the channel, but SST
and FST, making the ST, represent traps that do cap-
ture (communicate with) the carriers from the channel
within the time frames of electrical MGT measure-
ments.

The contribution of FT (AVy) and ST (AV,) to
the net threshold voltage shift AV is [11]

AV =AVy + AV (3)

while the densities of ANy and AN, after irradiation
and annealing may be determined as [20]
C AV C AV,
ANﬁ _ _ox ft : ANst — _ox st (4)
q q
where C,, is the oxide capacitance per unit area and g
the absolute value of the electron charge.

RESULTS AND DISCUSSION

Figures 1(a) and 2(a) represent the AV = (D)
dependence during irradiation of pMOS dosimeters
with a gate oxide tick of 100 nm and 400 nm, respec-
tively. It is obvious that the changes in the threshold
voltage shift during irradiation are significantly higher
in dosimeters with larger oxide thickness, a result to be
expected.

Symbols in the figures shown represent the
AVy = Vi — Vyg values obtained from pMOS dosime-
ters transfer characteristics in saturation, while the
solid lines are determined by the fitting of this data
with the expression (1) for the degree of linearity n=1.
The values of fitting correlation factors for pMOS do-
simeters with gate oxide thickness of 100 nm and
400 nm were 0.99291 and 0.99852, respectively. Be-
cause the correlation factors are very close to one, it
can be assumed that there is a linear dependency be-
tween AV and D, i. e., that the sensitivity of these do-
simeters can be determined on the basis of expression
2).

Figures 1(b) and 2(b) show the AV evolution of
irradiation pMOS dosimeters with a gate oxide tick of
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100 nm and 400 nm, respectively, during annealing at
room temperature (also known as spontaneous recov-
ery of fading). In pMOS dosimeters with gate oxide
thickness of 100 nm, the value AV changes insignifi-
cantly during spontaneous recovery, i. e., in these tran-
sistors the dosimetric information is saved. In pMOS
dosimeters with gate oxide thickness of 400 nm, fig.
2(b), the value of AV decreases during spontaneous
recovery in the first 1000 hours and afterwards AV re-
mains an approximately constant value. Therefore, in
these transistors there is a loss of the dosimetric infor-
mation at the beginning of spontaneous recovery.

For the purpose of checking whether the process
ofthe loss of dosimetric information after spontaneous
annealing occurred, the annealing of pMOS dosime-
ters at a temperature of 120 °C was continued and the
results of this kind of annealing shown in figs, 1(c) and
2(c). It can be seen that in pMOS dosimeters with gate
oxide thickness of 100 nm, fig. 1(c), there is a rapid
loss of value of AV during annealing. It shows that,
for the times of annealing lower than 423 hours, in
these dosimeters there is a complete loss of dosimetric
information. In pMOS dosimeters with gate oxide
thickness of 400 nm, fig. 2(c), further loss of
dosimetric information is slight.

Figures 3(a) and 4(a) show the behavior of AN
during irradiation for pMOS dosimeters with gate ox-
ide thickness of 100 nm and 400 nm, respectively. It
could be seen that the value AN for pMOS dosimeters
with larger oxide thickness is approximately an order
of magnitude higher than in pMOS dosimeters with
smaller oxide thickness. During spontaneous anneal-
ing in pMOS dosimeters with gate oxide thickness of
100 nm, fig. 3(b), there is an insignificant change in
ANy value. In pMOS dosimeters with gate oxide thick-
ness 0of 400 nm, at the beginning of spontaneous recov-
ery, there is a significant decrease of AN, value, fig.
4(b), after which this change is insignificant.

Figures 3(c) and 4(c) show the behavior of AN
during continuous annealing at an elevated tempera-

ture. As could be seen, elevated temperature in pMOS
dosimeters with gate oxide thickness of 100 nm leads
to a rapid decrease in ANy value during annealing to
100 hours. In pMOS dosimeters with gate oxide thick-
ness of 400 nm, fig. 4(c), ANy value insignificantly
changes during annealing.

During irradiation and later annealing at room
and elevated temperature, besides the change in ANy, a
change of AN occurs. However, the change of ANy, in
both types of pMOS dosimeters is an order of magni-
tude higher than the change of AN (results for AN are
not shown in this paper). This shows that the dominant
influence on AV, i. e., on the dosimetric information,
lies in FT which are formed in the gate oxide during
gamma-ray irradiation. For this reasons, the role of FT
in the formation and saving of dosimetric information
will be discussed in this paper.

Experimental results shown in figs. 3 and 4 can
be most readily explained within the model given in
papers [21-23]. The critical role in this model belongs
to the E, center, a weak Si-Si bond in the oxide caused
by an oxygen atom vacancy between two Si atoms,
cach back-bounded to three oxygen atoms [24]. The £/,
center acts as a hole trap and is predominately respon-
sible for the increase in the oxide trapped charge dur-
ing irradiation [25]. We will accept the convincing ar-
guments of Lelis and Oldham [23] that the switching
oxide traps in irradiated oxides are E, centers close to
the Si/Si0, interface. The fixed oxide traps are, micro-
scopically, £, centers as well — however, further from
the Si/Si0, interface and hence incapable of exchang-
ing charge with Si during the time frame of the mea-
surements.

The oxide trapped charge involves both the
charge trapped at fixed oxide traps and that trapped at
switching oxide traps. Namely, under the influence of
the positive electric field in the oxide (caused by posi-
tive gate bias) during annealing, the hole trapped at the
E', center can be either compensated or neutralized by
the electron tunneling from Si.

Figure 2. Threshold voltage 3.0
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Based on the behavior of ANy during spontane-
ous annealing of pMOS dosimeters with gate oxide
thickness of 100 nm, fig. 3(b), it can be concluded that
the tunneling of electrons from Si does not have a sig-
nificant effect on the compensation or neutralization
of E, centers. In pMOS dosimeters with gate oxide
thickness of 400 nm, fig. 4(b), in the first 1000 hours,
the tunneling of electrons from Si leads to a partial
compensation or neutralization of E, centers during
annealing.

When exposing pMOS transistors to elevated
temperatures after spontaneous annealing, an added
mechanism appears which leads to the compensation
or neutralization of FT. Namely, besides the neutral-
ization or compensation of the charge trapped at £,
centers by electrons tunneling from Si under the influ-
ence of the electrical field, electrons thermally emitted
from the oxide valence band also contribute to the neu-
tralization of the E, center [26].

As can be seen in figs. 3(c) and 4(c), decrease in
the value of ANy, during annealing at an elevated tem-
perature is much faster in pMOS dosimeters with gate
oxide thickness of 100 nm. This shows that in these
dosimeters the neutralization of £, is due to the elec-
trons thermally emitted from the oxide valence band
much more efficiently than in pMOS dosimeters with
a gate oxide thickness of 400 nm. Namely, elevated
temperatures in pMOS dosimeters with gate oxide
thickness of 100 nm, fig. 3(c), lead to complete neu-
tralization of £, centers which were formed during ir-
radiation, along with parts of £, centers formed during
technological processes used in the manufacturing of
these components. In pMOS dosimeters with a gate
oxide thickness of 400 nm, the loss of remaining
dosimetric information slightly decreased after 423
hours of annealing, which goes to say that the elec-
trons thermally emitted from the oxide valence bond
do not have a significant influence on the neutraliza-
tion of £, centers.

CONCLUSIONS

On the basis of what was stated above, the fol-
lowing conclusion may be reached. During
gamma-ray irradiation to the dose of 35 Gy, there is an
approximately linear dependency between the thresh-
old voltage shift and the absorbed dose in both types of

0.01

0.1 1
Time [h]

10 100

of 400 nm

pMOS dosimeters, making these components useful
as sensors of high dose range gamma-ray irradiation.
However, pMOS dosimeters with gate oxide thickness
of 400 nm are more suitable as sensors because they
exhibit higher threshold voltage changes during irra-
diation. During spontaneous annealing in pMOS do-
simeters with a gate oxide thickness of 100 nm, the
threshold voltage shift retains an approximately con-
stant value, . e., at room temperature dosimetric infor-
mation is kept for a period of 218 days. In pMOS do-
simeters with gate oxide thickness of 400 nm, during
spontanecous annealing of 50 days, the threshold volt-
age shift decreases, i. e., a partial loss of dosimetric in-
formation occurs. The continuation of annealing at a
temperature of 120 °C leads to a complete loss of
dosimetric information in pMOS dosimeters with a
gate oxide thickness of 100 nm — which is not the case
with pMOS transistors with a gate oxide thickness of
400 nm. E, centers play a critical role in the pMOS do-
simeter response, being responsible for both fixed and
switching traps in the oxide and hole and electron trap-
ping. Therefore, the need to optimize the pMOS do-
simeter fabrication process in terms of £, center num-
bers, location and energy, is of paramount importance.
This can be done by optimizing the highest tempera-
ture process, usually gate oxidation and subsequent
anneal, in an inert atmosphere. However, one should
be careful when coming to conclusions, because
sometimes the whole process sequence rather than in-
dividual process steps can impact the radiation and
post-irradiation response of the devices.
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Momunsio M. ITIEJOBUh, Ceetrnana M. IIEJOBUh,
Emnn 'h. JOJIMhAHUH, Hophe TASAPEBUh

OA3UMB pMOS JO3UMETAPA CA JEBE/IUM OKCUIAUMA YIIPAB/bAYKE
EJEKTPOJE, TOKOM I'AMA 3PAYEIA N IIOCIE O3PAYUBAIBA
HA COBHOJ 1 INOBUIMIEHOJ TEMIIEPATYPU

HcTpaxkuBaH je ofj3UB pajiujallioH0 oceT/buBuUX pMOS TpaH3ucTOpa uhje cy e0buHe OKCuyia
100 nm 1 400 nm TOKOM rama 3pauema 1 KacHHUjer olopaBka Ha COOHO] 1 MOBUIIIEHO] TemrnepaTypu. On3us
OBUX TpaH3UcTOpa je npaheH Ha OCHOBYy IPOMEHE HAIllOHAa KOjU je NpoLeHmHUBaH M3 NPEHOCHUX
KapakTepucTuka y catypauuju. [IpucycTBo neHTapa y OKCUAy yIpaBibayKe eleKTPojie Kao 1 ieHTapa Ha
MebynoBpIIMHY CHITUIN] yM-CHITAIIU] YMIMOKCHUJT, KOjU IOBOJIE 10 MPOMEHE HANlOHA Mpara, NpOoleHhUBAHHU CY
TEXHUKOM KOja KOPUCTHU TPETIPAroBCcKe CTPYjHO-HAMOHCKe KpuBe. [10Ka3aHo je 1a JIOMUHAHTHY YJIOTY Y
[IPOMEHM HallOHA ITpara TOKOM O3payuBamba U KaCHUje OIIOpaBKa UMajy HEeHTPH 3axBaTa y OKCUJy I'ejTa.

Kmwyune peuu: pMOS 0osumettiap, zama 3paderbe, UpomeHa HAlloHa tipaza, aiicopbosana 003a



