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The influence of gate bias during gamma-ray irradiation on the threshold voltage shift of radi-
ation sensitive p-channel MOSFETs determined on the basis of transfer characteristics in sat-
uration has been investigated. It has been shown that for the gate bias during the irradiation
of 5 Vand 10 V the sensitivity of these transistors can be presented as the threshold voltage
shift and the absorbed irradiation dose ratio. On the bases of the subthreshold characteristics
and transfer characteristics in saturation using the midgap technique we have determined the
densities of radiation induced oxide traps and interface traps responsible for the threshold
voltage shift. In addition, the charge pumping technique was used to determine the energy
density of true interface traps. It has been shown that radiation-induced oxide traps have
dominant role on threshold voltage shift, especially for gate biases during the irradiation of

5Vand 10 V.
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INTRODUCTION

It is well known that ionizing radiation (y, X,
electrons, and ions) has significant influence on elec-
tronic component characteristics. For example, the ir-
radiation of semiconductor over-voltage diodes
causes degradation of their protection characteristics,
while gas-filled over-voltage diodes exhibit a tempo-
ral improvement of their performance [1]. The opera-
tion of polycarbonate capacitors in the presence of a
neutron and gamma radiation field causes a decrease
of capacitance, while the loss tangent remains un-
changed [2]. Changes induced by ion irradiation affect
the current-voltage characteristics and state retention
ability of the memristor [3]. The investigation of
gamma radiation to MOS integrated circuits, i. e., to
transistors has been going on for several decades [4]
due to their significant degradation of electrical pa-
rameters during the irradiation [5-7]. Such degrada-
tion is a consequence of the formation of defects re-
sponsible for the increase of positive charge density in
oxide and interface traps on the oxide/semiconductor
interface. The knowledge of these defects is very im-
portant in order to produce the component resistant to
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radiation. The idea of some investigators was to use
the negative influence of gamma radiation to MOS
components, mainly PMOS transistors, in order to
produce sensors and dosimeters for ionization radia-
tion. These components are known as radiation-sensi-
tive field effect transistors (RADFET) or radiation
sensitive p-channel MOSFET (MOS dosimeter). They
are developed for applications such as space, nuclear
industry, and radio therapy [8-11]. The RADFET ad-
vantages, in comparison with other dosimetric sys-
tems (thermo-luminescent dosimeters, semiconductor
diodes, and optically stimulated luminescence dosim-
eters [12]), include an immediate, non-destructive
readout of dosimetric information, very low store of
the absorbed radiation dose, extremely small size of
the sensor element, a wide dose range, very low power
consumption, compatibility with microprocessor, and
a very competitive price (especially if the cost of the
read out system is taken into account). The RADFET
disadvantages are a need for calibration in a different
radiation field, relatively low resolution (starting from
1072 Gy), and non-reusability.

The RADFET has a special thermally or CVD
grown oxide [13, 14] sensitive to gamma and X-ray ir-
radiation. The application of RADFET is based on
converting the threshold voltage shift, AV, induced
by radiation, into the absorbed radiation dose D. This
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dependence can be expressed as AV =4 D"[15, 16],
where, AV = V—Vyy, Vris the threshold voltage after
the irradiation and V7, before the irradiation, 4 — the
constant, and n —the degree of linearity which depends
on the electrical field, oxide thickness, and absorbed
radiation dose. If n = 1 then A represents the sensitiv-
ity, S(S=AVy/D). AV} is the sum of threshold voltage
shift caused by radiation induced oxide traps, AV,
and interface traps, AV (AVy = AV, + AV, [16].
Many investigations have shown that the radiation
sensitivity of RADFET can be increased with the in-
crease of oxide thickness [13, 14, 17] as well as with
the stacking of more transistors [18, 19].

In this paper, a study of RADFET sensitivity on
gamma-ray irradiation for different values of gate bi-
ases has been presented. For this reason, we have per-
formed I-V and charge pumping (CP) measurements.
This has enabled us to analyze the basic mechanisms
underlying the irradiation of RADFET in particular,
and discuss the role of oxide traps and interface traps
for studied devices.

EXPERIMENTAL DETAILS

The experimental samples were Al-gate RADFET,
manufactured by Tyndall National Institute, Cork, Ire-
land [20]. The samples have 100 nm thick oxides, grown
at 1000 °C in dry 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. The
channel width and length of these samples are 300 pm
and 50 pm, respectively.

Experimental samples were irradiated at room
temperature using the 22 Cosource to 500 Gy at the dose
rate of 0.2 Gy/s. All doses are given in Gy(H,0); to con-
vert to Gy(SiO,) = Gy(Si), one has to multiply the dose
with 0.898. The gate bias during the irradiation (V},,) was
0,5 Vor 10 V. For every value of V;,, we used two sam-
ples.

Transfer and charge pumping characteristics
were monitored for every sample before the irradia-
tion in order to determine threshold voltage before the
irradiation V', as well as charge pumping current be-
fore irradiation /-p,. The same characteristics were
measured after five irradiation doses of 100 Gy up to
500 Gy in order to obtain the threshold voltage shift
and the change in the charge pumping current. Trans-
fer characteristics, I, =f(V;), were monitored for ev-
ery sample up to 4 mA using a two channel source
measuring unit (Keithley model 2636). The samples
drain was biased with —10 V. The threshold voltages
before and after irradiation were determined by the
transistor transfer characteristics in saturation, i. e., as
the intersection between the V;-axis and the extrapo-
lation linear region I)""> = f (V) curves. The change in
areal densities of gamma-ray irradiation induced ox-
ide traps, AN, and interface traps, AN, (MG), were

ot

determined using the midgap technique (MG) of
McWharter and Winocur [21].

Keithley model 2636 was used for the measure-
ment of charge pumping current and HP8116 function
generator was used for applying the saw tooth signal at
the samples gate. The frequency of the saw tooth sig-
nal was 1 MHz with the 50% duty cycle, the amplitude
was 3 Vand the signal offset was varied from 2 V to
—3 V. CP technique was used for the determination of
the energetic densities of interface traps (AD;,), AN, =
AD;,-AE, where AE is the energy range within Si band
gap scanned by the measurement. The aerial density of
the interface traps, N;(CP), was determined using the
Elliot-type CP curves [22].

EXPERIMENTAL RESULTS

The RADFET transfer characteristics in satura-
tion before irradiation (curve 0) and after the absorbed
radiation dose D of 100, 200, 300, 400, and 500 Gy
(curves 1,2, 3,4, and 5, respectively) for V;,, =5V are
shown in fig. 1. The fitting of the upper part of the
Ip?=f{V;) characteristics, which are linear, gives the
values of threshold voltage Vg, V1, Voo Verss Vs, and
V15 and these values increase with the increase of D.
The similar behavior of characteristics (which is not
represented) is observed for Vi, of 0 and 10 V.
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Figure 1. Transfer characteristics in saturation: (0) — be-
fore irradiation, and after irradiation for the absorbed
radiation dose, (1) — 100 Gy, (2) —200 Gy, (3)—300 Gy, (4)
—400 Gy, and (5) — 500 Gy; the gate bias during irradia-
tion V;, =5V

The influence of gate bias during irradiation Vi,
on threshold voltage, Vr, is shown in fig. 2. Transfer
characteristics in saturation have been obtained for D =
=300 Gy and for V;,,0f0,5and 10 V (curves 1, 2, and 3,
respectively). It can be seen that the values of V7 insig-
nificantly differ for the gate biases of 5 and 10 V and
that they are for about 1.5 V bigger then for the gate bias
of O V.
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Figure 2. Transfer characteristics in saturation for the
absorbed radiation dose of 300 Gy: (1) - Vi, =0V, (2) —
Vies=5V,and Q) - Vi =10V

Figure 3 gives the AV =£(D) dependence for V.
values of 0, 5, and 10 V. The symbols in the figure rep-
resents the AVy = Vi — Vo, values obtained from
RADFET transfer characteristics in saturation, while
the solid lines were determined by fitting of the experi-
mental results with the expression AV =AD" for the
degree of linearity n = 1. The value of fitting correla-
tion factors for the gate biases of 5 and 10 V is 0.998,
while for the gate bias of 0 V the correlation factor is
0.887. This shows that for the gate biases of 5 and 10 V
the sensitivity can be confidently determined as S =
= AV/D for the range of the absorbed radiation dose
from 100 Gy to 500 Gy.

In fig. 4 the subthreshold characteristics of
RADFET before irradiation (curve 0) and after irradi-
ation for the absorbed radiation doses of 100, 200,
300, 400, and 500 Gy (curves 1, 2, 3, 4, and 5, respec-
tively) for V.= 5V are presented. The parameters rel-
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Figure 3. Threshold voltage shift, AV, as a function of the
absorbed radiation dose, D, for three values of gate bias
during irradiation

evant for the determination AN, using midgap tech-
nique are marked in the figure (the similar characteris-
tics were obtained for V;,. of 0 and 10 V). The increase
of AN, during the irradiation is manifested through
the subthreshold characteristics shift along the axis,
while the increase of AN, is manifested through the de-
crease of the subthreshold curve slope.

It is known that no matter the distribution within
the band gap of the substrate, oxide traps are neutral
when the surface potential ¢ is equal to the Fermi po-
tential ¢ In that case, the shift between two
subthreshold characteristics along the V; axisisa con-
sequence of the change of the oxide trap density, and
the gate voltage corresponding to this value of surface
potential which is marked as Vg (midgap voltage) is
obtained from the point (Vg , i), fig. 4. The posi-
tion of this point is determined on the basis of its ordi-
nate, i. e., current [y, (midgap current) which can be
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determined by the introduction of the appropriate val-
ues of surface potential pg = ¢ and experimentally de-
termined mobility in the equation given in [23]. Iy 1S
in order of pA and its value is on the extension of the
linear part of the subthreshold characteristics marked
by the dotted line in fig. 4. The change in the aerial
density of the oxide trap caused by irradiation can be
expressed as [21]

AN, =Cor

ot

~Vme) (1)

where C,y is the oxide capacitance per unit area, ¢ — the
absolute value of electron charge, Vygo — the midgap
voltage before irradiation, and Vg — the midgap volt-
age after irradiation.

The other significant point (¥, I7) in fig. 4 is de-
termined using the threshold voltage V; (see fig. 2).
Namely, as it has already been said, interface traps
change the slope of subthreshold characteristics, i. e.,
the difference of the voltages V' and V. The change
in the areal density of the interface trap caused by irra-
diation can be determined as [22]

C;* Ve Ve (2)

AN ((MG) =

where Vg (0) is the value of stretchout voltage before
irradiation and Vs is the value of stretchout voltage af-
ter irradiation.

Figure 5 shows Elliot curves before gamma-ray
irradiation (curve 0) and after irradiation for the ab-
sorbed radiation dose of 100, 200, 300, 400, and 500 Gy
(curves 1,2,3,4,and 5, respectively) for V=5V (sim-
11arly behaved curves are also obtained for V =0Vand

Vie =10 V). It can be seen that the increase of the ab-
sorbed radiation dose leads to the increase of the maxi-
mum charge pumping current, and it can be expressed
as [24]

Iep max = VqAG N (CP) (3)
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Figure 5. Elliot-type CP curves: (0) — before irradiation,
and after irradiation for the absorbed radiation dose, (1)
-100 Gy, (2) -200 Gy, (3)-300 Gy, (4)—400 Gy, and (5) -
500 Gy; the gate bias during irradiation Vi, =5V

where v is the frequency, A — the area under the gate ac-
tive in charge pumping, and N;(CP) — the absolute value
of the areal density of the interface trap after gamma-ray
irradiation. The change in the areal density of the inter-
face traps is AN (CP)=N;(CP)—-N,,(CP), where
Nio (CP) is the absolute value of the areal density of the
interface trap before gamma-ray irradiation.

DISCUSSION

The behavior of oxide trap density, AN, and in-
terface trap density, AN, during the gamma-ray irradi-
ation of RADFET for three different values of gate
bias, V,,, are presented in figs. 6 and 7, respectively.
The 0x1de trap density was determined using the ex-
pression (1), while the interface trap densities were de-
termined using the expressions (2) and (3). It can be

seen that the increase of the absorbed dose rate, D,
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% AV, =10V
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Figure 6. The change in the areal density of oxide traps
AN, as a function of the absorbed radiation dose D,

obtained by MG technique for three values of gate bias
during irradiation V.,

300 400 D[Gy] 500
Figure 7. The change in the areal density of interface
traps ANy, as a function of the absorbed radiation dose D,

obtained by MG and CP techniques for three values of
gate bias during irradiation, Vi,
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leads to the increase of both AN, and AN, and that
those increases are smaller for V.= 0V than for V=
=5Vand V,, =10 V. Also, for the same values of D
and V,, the increase of oxide trap density is consider-
ably bigger then the increase of interface trap density.
The interface trap density AN;(MG) calculated using
the expression (2) is bigger than the interface trap den-
sity AN;(CP) calculated using the expression (3) for
Vieof 5 Vand 10 V.

In order to explain the curve behavior in figs. 6
and 7 itis necessary to consider important mechanisms
responsible for the formation of oxide traps and inter-
face traps caused by RADFET irradiation. Namely,
gamma-ray irradiation interacts with the gate oxide
and breaks =Si;—O covalent bonds between Si and O
atoms, as well as weakly =Siy—H and =Si,—OH bonds
to produce electron-hole pairs [25, 26]. The creation of
electron-hole pairs is followed by the creation of the
trivalent silicon atoms =Sig (E ;, centre [27]) as well as
amphoteric non-bridging oxygen (NBO). Some frac-
tions of electron-hole pairs undergo an initial recombi-
nation process. Electrons, being much more mobile
then holes in SiO,, are swept out from the oxide under
the positive electric field in a time of 1 ps [4]. During
the motion in the oxide these electrons can break the
covalent bonds in the oxide [28], what leads to the fur-
ther increase of the density of NBO and £ ;, centers as
well as the formation of positive charge Siz—O" and
=Si, centers (£’ centers [29] known as a E| centers
[30]). The survived holes, under the positive field in
the oxide, drift to SiO,/Si interface, react with the hy-
drogen defect precursors (=Si;—H and =Si,—OH) and
create £, E7, and NBO centers [31, 32]. The creation
of these centers is followed by the release of H atoms
or OH groups which can easily drift through the oxide
after which those centers became stable [31]. A part of
holes, which reaches near the SiO,/Si interface, is be-
ing captured on the defects giving the rise of the oxide
trap charge. It should be pointed out that oxide trapped
charge can be positive (oxide trapped holes) and nega-
tive (oxide trapped electrons) and the former is more
important, since the hole trapping centers are more nu-
merous, including three types (£5, £/, , and NBO cen-
ters) [28]. The number of created oxide and interface
traps rises with the number of surviving holes. For V.,
=0V an electrical field in the oxide appears only due
to the work function difference between the gate and
substrate, so the probability of electron-hole pair re-
combination is higher than for the case when V. >0 V.
For higher values of V;,, a large number of holes will
escape the initial recombination process leading to the
creation of more oxide trapped charge and more inter-
face traps. Such conclusion is in agreement with the
results shown in figs. 6 and 7 for V;,, =0 Vand 5 V (the
values of AN, for V;,, =5 V and V,,= 10 V insignifi-
cantly differ).

The fixed traps (FT) in the oxide do not have the
ability to exchange the charge with the channel. They

attract or repulse the channel carriers by the Coulomb
force, depending on the charge sign of both their
charges and channel carrier charges. The influence of
FT on the channel carriers by their electric field leads
to the parallel shift of the subthreshold characteristics
(see fig. 4) and AN, is equal to ANg.

The defects at the SiO,/Si interface, known as
true interface traps, represent an amphoteric defect
=Si that represents a silicon atom at SiO,/Si interface
back bonded to three silicon atoms from the substrate
denoted as Si; (P, center [33, 34]). They can be di-
rectly created by incident gamma photons, but this
amount can be neglected. The biggest density of =Si
is created by trapping holes (h" model) [35-37] and by
hydrogen released in the oxide (hydrogen-released
species model — H model) [38-40].

The traps created near and at SiO,/Si interface
that captures a carrier from the channel (exchange the
charge with the channel) represent switching traps
(ST). The ST created in the oxide, near the SiO,/Si in-
terface, represent slow switching traps (SST) and ST
created at SiO,/Si interface represent fast switching
traps (FST). FST are true interface traps (P, centers).

The density AN,(CP) found by the CP technique
(expression 3) is, in fact, the density of FST, i. e,
AN (CP) = AN gr. Namely, as amuch faster technique,
the CP technique can sense only the FST and eventually
just the fastest amount of SST. The simultaneous use of
both (MG and CP) techniques is a great advantage. For in-
stance, if ANg(MG) has been changed but ANg(CP) has
not, it means that ANgqr, i. e., the density of SST has been
changed, since AN (MG)=ANggr +ANpgr and
AN ¢p(CP)=ANyggr [16, 41]. Such conclusion is in
agreement with the curve behavior in fig. 7. Namely,
ANg(CP) are smaller then AN, (MG) especially for V.
values of 5 V and 10 V. For the case when V=0V, the
creation of ST during irradiation is relatively small so the
data for ANggr are not reliable.

CONCLUSION

The radiation response of RADFET for the ab-
sorbed irradiation dose of gamma-ray irradiation from
100 to 500 Gy has been investigated. The radiation re-
sponse of these components has been observed on the
bases of the threshold voltage shift determined from
transfer characteristics in saturation. The obtained re-
sults show that for the values of gate bias during the ir-
radiation of 5 V and 10 V there is a linear dependence
between the threshold voltage shift and adsorbed irra-
diation dose, which makes these components useful
for commercial applications. In order to optimize the
RADFET radiation response it is necessary to resolve
microscopic processes that occur during irradiation.
This study has demonstrated the use of sub threshold
mid-gap technique and charge pumping technique.
These electrical techniques have limitations, such as
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that they cannot provide information on the micro-
scopic structure of the defects in the oxide and at the
Si0,/Si interface, so the contribution of electrons and
holes to the charge trapped in oxide can not be clearly
distinguished. However, the used techniques can still
provide valuable information about the effects of slow
switching oxide traps and fast switching traps (true in-
terface traps) which are indistinguishable when a sin-
gle technique (e. g. midgap technique) is used. The
knowledge about the behavioral patterns of fast
switching traps and slow switching traps, together
with the fixed traps, is crucial in the optimization of
RADFET response. Our results (figs. 6 and 7) have
shown that fixed traps play a crucial role in threshold
voltage shift, especially for the gate bias during the ir-
radiation of 5 V and 10 V.
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O3B PAINJAIIMOHO OCET/BUBOI' TPAH3UCTOPA CA
E®EKTOM IIO/bA HA TAMA 3PAYEIE

HcrpaxkuBaH je yTulaj nojapusalyje rejTa TOKOM ramMa 3payera Ha IPOMEHY HalloHa Ipara
KOju je ofijpebuBaH M3 MPEHOCHUX KapaKTEpPUCTHKA PajfiijalliOHO OCeT/bUBUX p-kKaHamHux MOCDET.
ITokazaHo je fa ce 3a HamoHe nojapusanyje Ha rejTy o S V u 10 V oceTibuBOCT OBUX TPAH3UCTOPA MOKE
IpeJCTaBUTH Kao OJIHOC IPOMEHE HalloHa Ipara M ancopOoBaHe fo3e rama 3pauyewa. Ha ocHoBy
MNOTIPArOBCKUX KapaKTEPUCTHKA M IPEHOCHUX KapaKTEPHUCTUKA y caTypanuju KopuithereM MD (midgap)
TeXHUKe ofipebeHe cy rycrune, popMupaHe pajujalyjoM, IIEHTapa 3axBaTa y OKCUAY U MOBPIIMHCKUX
CTama, OITOBOPHE 3a MPOMeHy HamoHa npara. JogaTHo je koputthena CD (charge pumping) TexHuka 3a
onpebuBame eHepreTcke rycTuHe INpaBuX IMOBPIIMHCKUX cTamba. [Toka3aHo je ja rama 3paueheM CTBOPEHI
LEHTPHU 3aXBaTa y OKCHAY MMajy JOMUHAHTHY YJIOI'Y Ha IIPOMEHY HallOHa Ipara, HApO4YuTO 3a HaIlOHE
noyapusanyje Ha rejty o 5 Vu 10 V.

Kwyune peuu: p-kanaanu MOC iupansucitiop, o8pUILHCKA Citiatba, 3aX8aheHa HaeaeKIUpucarba y
OKCUOY, padujayuuoHa ocettl/buBoCill



