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The variations in the threshold voltage shift in p-channel power VDMOSFET during the
gamma ray irradiation was investigated in the dose range from 10 to 100 Gy. The investiga-
tions were performed without the gate bias and with 5 V gate bias. The devices with 5 V gate
bias exhibit a linear dependence between the threshold voltage shift and the radiation dose.
The densities of radiation-induced fixed and switching traps were determined from the
sub-threshold I-V characteristics using the midgap technique. It was shown that the creation
of fixed traps is dominant during the irradiation. The possible mechanisms responsible for the
fixed and switching traps creation are also analyzed in this paper.
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INTRODUCTION

The attention of today's research on the impact of
ionizing radiation on MOSFET is directed in two
ways. The first one is the production of MOSFET with
the highest possible resistance to the ionizing radiation
(the radiation hardness), while the other is toward the
ionizing radiation sensors and dosimeters production.
The radiation sensitive MOSFET can be used to esti-
mate the ionizing radiation absorbed dose by measur-
ing in the threshold voltage (V) [1, 2]. The p-channel
MOSFET, also known as the Radiation Sensitive Field
Effect Transistors (RADFET) or pMOS dosimeters,
were used in many application areas, such as the space
radiation measurements, high energy physics experi-
ments, radiotherapy and personal dosimeter for mili-
tary applications [3-6]. Using the RADFET for radia-
tion dose measurements has certain positive aspects,
such as the immediate and non-destructive readout,
the low power consumption, an easy calibration and a
reasonable sensitivity and reproductability [7].

In recent years, many investigations were driven
toward the application of low-cost commercial
p-channel MOSFET as a dosimeter in radiotherapy
[8, 9]. The authors of these papers concluded that the
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p-channel power MOSFET 3N163 and DMOS
BS250F, ZVP3306 and ZVP4525 would be an excel-
lent candidate for low-cost systems capable of measur-
ing the gamma and the electron beam dose.

A comparative study of the RADFET manufac-
tured by Tyndal National Institute, Cork, Ireland, with
the 100 nm gate oxide layer thickness and the commer-
cial p-channel VDMOSFET IRF9520 sensitivity to
the gamma-ray irradiation in the dose range from 100
to 500 Gy is given in the paper [10]. The results dem-
onstrate a linear dependence between the threshold
voltage shift AV, and the radiation dose D for compo-
nents with 10 V gate bias during the irradiation. The
experimental results of AV} = f (D) dependence for
components irradiated without the gate bias can be
very well described by the exponential function. It was
also shown that the VDMOSFET sensitivity is greater
than the RADFET sensitivity for this dose interval.

The numerous investigations have shown that
the ionizing radiation leads to the creation of elec-
tron-hole pairs. A field-dependant fraction of them es-
capes the initial recombination, leading to a further
rapid electron movement toward the gate electrode,
while the holes move slowly toward the SiO,/Si inter-
face. A part of these holes is trapped in the oxide, lead-
ing to the accumulation of positive trapped charge,
whose trapping rate depends on the gate bias (the ap-
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plied field), the number of empty traps and their cap-
ture cross-section [11-13]. The interface trap genera-
tion is commonly accepted to be associated with the
intermediate processes involving the holes capture,
the release and the migration of hydrogen ions in the
oxide [14, 15]. With the respect to the influence of
these defects on the charge carriers in the MOS transis-
tor channel, they can be divided into fixed traps (FT)
and switching traps (ST) [16] or border traps. The FT
represents the traps created in the oxide that do not
capture the carriers from the channel. The ST repre-
sents the traps created near and at the Si/SiO, interface
and they do capture (communicate with) the carriers
from the channel within the electrical measurement
time frame. The ST created in the oxide near the
Si/Si0, interface is called the slow switching traps
(SST), but the ST created at the interface is called the
fast switching traps or the true interface traps [17].

The contribution of FT (AVgr) and ST (AVgr) to
the total threshold voltage shift AV is [18]

AVy =AVir +AVgr (1)

Both FT and ST contribute to the increase in AV
for pMOS transistors. On the other hand, the areal den-
sity of FT, ANpr and the areal density of ST, ANgr, of
irradiated transistors could be determined as [18]

Cox AVsr (2)
q

C
ANpr =—2AVgr, ANgp =
q

where C,y is the capacitance per unit area and q the ab-
solute value of electron charge.

The aim of this work was to investigate the sensi-
tivity of commercial p-channel power VDMOSFET to
gamma-rays originating from ®°Co for radiation dose
in the 10 to 100 Gy interval. The influence of induced
fixed and switching traps to the threshold voltage shift
without and with the gate bias during the irradiation is
also analyzed.

EXPERIMENTAL DETAILS

The experimental samples were the commercial
p-channel power VDMOSFET, IRF9520, manufac-
tured by the International Rectifier encapsulated in the
standard TO-220 casing. According to the catalog
specifications, the drain to the source breakdown volt-
age Vpgg1s 100V, the maximum conduction resistance
is 0.6 Q and the maximum drain current at room tem-
perature is 6.8 A. The additional testing have proven
that the breakdown voltage and the conduction resis-
tance match the catalog data, and that the correspond-
ing chip size of 1.5 mm? further matches the specified
current. In addition, the IRF9520 consists of 1650
cells and the total effective area over epi p~ layer is
11.61-107% cm? and the nominal oxide thickness is 100
nm [19]. The initial threshold voltage value of the vir-
gin devices was Vy, = =3.6 V. The two half-cells
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Figure 1. Cross-section of power VDMOSFET

cross-section is presented in fig. 1. Note that the bulk
region is internally connected to the source region
over the common contact.

The power VDMOSFET samples were irradi-
ated using the ®°Co beam in the absorbed radiation
dose range from 10 Gy to 100 Gy at the absorbed dose
rate 0.02 Gy(SiO,)s!. The irradiation was performed
in the Secondary Standard Dosimetry Laboratory of
Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
All measurements were conducted in a climate con-
trolled environment with an ambient temperature of
20 £ 0.2 °C . The irradiation was conducted for sam-
ples without the gate bias (V;,,=0V), i. e., all terminals
were shortened together and with the gate bias of V.=
5 V. In order to monitor the progress of gamma beam
degradation, the radiation was interrupted at some
point to measure the devices sub-threshold and the
transfer characteristics in saturation using the Keithley
model 4200 semiconductor characterization system.
The system is equipped with the three medium power
source measuring units. The units have four voltage
ranges: 200mV, 2 V, 20 V, and 200 V, while the current
ranges are 100 nA, 1 pA, 100 pA, 1 mA, 10 mA, and
100 mA. One of the source measuring units is
equipped with pre-amplifier which provides the mea-
surements of very low currents (order of 1 pA).

The threshold voltage shift was estimated at the
intersection between the V5 axis and the extrapolated
linear region of the (I))"2— V; curve (I is the drain cur-
rent and V7; is the gate voltage). The threshold voltage
shift AV can be expressed as AV = Vi— Vo, where Vo
is the threshold voltage before the irradiation, and V' af-
ter the irradiation. The densities of radiation-induced
FT, ANgr and ST, ANg; were determined using the
midgap technique of McWhorter and Winokur [20].
This technique is based on the fact that the FT influ-
ences the carriers in the channel by the electric field, and
does not have the ability to capture them. The ST cap-
tures the carriers from the channel in the framework of
subthreshold/transfer characteristics measurements,
and the ST influence on the channel carriers by the elec-
tronic field is neglected. In this way, the influences of
FT and ST on the transfer subthreshold characteristics
in saturation are in their parallel shift and their slope
changes, respectively.
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The absolute value of FST density (the absolute
value of the true interface trap density) can be deter-
mined using the charge pumping technique [21, 22].
The results performed for RADFET have shown that
the FST density obtained by this method is consider-
ably smaller than the one obtained by the midgap tech-
nique [23]. This is due to a fact that the midgap
method, besides the FST, can also register a part of
SST located very closely to the Si/SiO, interface. It
was also shown that the ST density is much smaller
than the FT density obtained by the midgap technique.
On the basis of such RAFET behavior it was con-
cluded that the dominant impact to AV} during the irra-
diation is played by the increase in the oxide trapped
charge density (FT density).

RESULTS AND DISCUSSION

The VDMOSFET IRF9520 transfer characteris-
tics in saturation before the irradiation (curve 0) and
after the radiation dose D of 50 and 100 Gy (curves 1
and 2) for gate bias during the irradiation V;,=5V are
shown in fig. 2. The fitting of the upper part of (I)"? -
V' characteristics, which are linear, gives the values of
threshold voltage Vyy, Vo, and Vo, and these values
increase with the increase of D. The similar behavior
of characteristics is observed for V. =0 V.

Figures 3(a) and 3(b) display the dependence be-
tween the threshold voltage shift (AV7}) and the radia-
tion dose (D) for gate bias during the irradiation V. =0
V and Vi, = 5V, respectively. The contributions of
fixed traps to the threshold voltage shift (AV) and the
contribution of switching traps (AVgp) to the total
threshold voltage shift are presented in the same fig-
ures. It can be seen that the FT influence on the thresh-
old voltage is predominant (AVp/AVgr> 95 %). It can
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Figure 2. The transfer characteristics in saturation before
and after the irradiation for 50 and 100 Gy doses. The V',
V1, and Vr; represent the threshold voltage values before
and after the irradiation with 50 and 100 Gy, respectively;
the gate bias during the irradiation Vi, =5V
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Figure 3(a). The contribution of FT (AVEy) and ST (AVst)
to the total threshold voltage shift (AVy) for radiation

dose from 10 to 100 Gy, for gate bias during the irradia-
tion Vi, =0V
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Figure 3(b). The contribution of FT (AV¥r) and ST (AVst)
to the total threshold voltage shift (AVy) for radiation
dose from 10 to 100 Gy, for gate bias during the irradia-
tion V;, =5V

be concluded that during the irradiation, the IRF9520
shows similar behavior as the RADFET [23], i. e., the
ST density makes an insignificant impact to AV}
value.

In order to establish the possible application of
p-channel power VDMOSFET IRF9520 as the sen-
sors of ionizing radiation, the experimental results,
AV =f(D) are fitted with three different models. The
first one is a linear function, AV = AD, where 4 is a
constant. The second model represented is so called
the power law function, AV = AD" where 4 and n are
the constants. The third model is a standard exponen-
tial function, AV; = 4¢P + ¢, where 4, b, and ¢ are
constants. The values of correlation coefficients for all
three models for samples without the gate bias and the
5 V gate bias during the irradiation are presented in
tab. 1.

From the data presented in tab. 1 it can be as-
sumed that the power law function model is the best
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Table 1. Values of adjuster R-squared for V., =0V
and V;, =5V

Model Adjus;ifl:R(-)s%uaredAdjus;i:i:Rgs%uared
Linear function 0.945 0.996
Power law function 0.979 0.998
Exponential function| 0.975 0.997

Table 2. AIC test results for V., =0V and V;, =5V

Model AIC V=0V AIC V=5V
Linear function —82.297 —89.395
Power law function -90.316 -92.927
Exponential function —84.055 —83.807

one for describing the experimental data. It can be also
concluded that all three models very well describe the
experimental data for samples irradiated with gate bias
Vi =5 V.In order to verify the mentioned assumption,
the Akaike information criterion test was performed
on all of the three proposed models. The Akaike infor-
mation criterion (AIC) is a measure of the relative
quality of the statistical models for a given set of data.
Given a collection of models for the data, AIC esti-
mates the quality of each model, relative to each of the
other models. Hence, the AIC provides means for
model selection. The results of AIC test on all three
models are presented in tab. 2 both for samples irradi-
ated with 0 V and 5 V gate bias.

From the data presented in tab. 2 it can be con-
cluded that the previous assumptions were correct,
and that the Power law model best describes the exper-
imental data in both cases of gate bias. On the basis of
data from tab. 1, it can be concluded that the IRF9520
can be implemented as the gamma irradiation sensors.
Because the linear dependence is established between
the AV} and D, for samples with gate bias during the
irradiation, fig. 3(b), their sensitivity, S = AV;/D is the
same in radiation dose range from 10 to 100 Gy. This
makes them suitable for dosimetry applications. For
samples irradiated without the gate bias, the linear de-
pendence cannot be established, what makes their ap-
plication in dosimetry inappropriate due to the varia-
tion in sensitivity for different radiation doses range.

The comparison between the AV} results for
VDMOSFET IRF9520 and RADFET with 100 nm gate
oxide thickness [24] for 10 to 50 Gy dose interval show
that the VDMOSFET sensitivity is some higher than the
RADFET. This could be a consequence of different
technologies used for VDMOSFET and RADFET pro-
duction. This proves that the commercial VDMOSFET,
with relatively low price, can be used as a replacement
for RADFET, with the same oxide thickness in dosime-
try in the dose range from 10 to 100 Gy.

Figures 4 and 5 present the change in the areal
density of FT, ANgy and ST, ANgr, respectively, for
Vi =0Vand V,,=5 V. As expected, the increase in ra-
diation dose leads to the increase in both ANp; and
ANgr. Such increase is more intense forV;,, =5 V than
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Figure 4. The change in the areal density of fixed traps,
(ANgr) as a function of radiation dose, (D), without
(Virr =0 V) and with the gate bias during the irradiation
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Figure 5. The change in areal density of switching traps,
(ANsy) as a function of radiation dose, (D), without
(Virr =0 V) and with the gate bias during the irradiation
Vie=5YV)

for V,,,= 0 V. It can also be seen that ANg is for about
order of magnitude smaller than the ANpp, which
proves that the ANy predominantly contributes to the
AV increase during the irradiation. Considering this,
we will focus only on the defects that lead to the cre-
ation of positive trapped charge during irradiation.
The model that explains the formation of these defects
is proposed by Lelis and coworkers (HDL model)
[25-27]. A crucial role in this model belongs to the
E ;, center, which is a weak Si-Si bond in the oxide
caused by an oxygen atom vacancy between the two Si
atoms, each back-bonded to three oxygen atoms. The
E ;, center acts as a hole trap and it is predominantly re-
sponsible for the increase in positive trapped charge
during the irradiation. The £ 'y centers are formed in the
oxide and near the Si/SiO, interface. They represent
the FT centers in the oxide, while the centers near the
Si/Si0, interface represent the SST. For V., =0V elec-
tric field in the oxide is only due to the work function
difference between the gate and the substrate (the
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zero-bias conditions is equal to the gate bias 0f 0.3 V),
so the probability for the electron-hole recombination
is higher than in the case when Vi, =5 V. Namely, for
Vi =5V the large number of holes will escape the ini-
tial recombination, what further increases the proba-
bility for their capture at the £ 'y centers. This further
leads to the increase in the positive charge in the oxide
and the interface states. Such conclusion is in agree-
ment with the results shown in fig. 4.

CONCLUSIONS

In order to verify the possible application of
commercial power VDMOSFET IRF9520 as gamma
radiation sensors, the threshold voltage shift was mon-
itored in the radiation dose interval from 10 to 100 Gy.
In order to confirm the possible application of
VDMOSFET in the dosimetry, three different models
were used to establish the dependence between the
threshold voltage shift AV} and the radiation dose D —
the linear function, the power law function and the ex-
ponential function. Based on the adjusted R-squared
values and the Akaike criteria, it was concluded that
the power law function is the best for describing the
experimental data, i. e., exponential function and lin-
ear function are the least likely to be used in experi-
mental data verification. However, for practical appli-
cation, the linear function is the most important. The
linear dependence between the threshold voltage shift
and the radiation dose D when the gate bias during the
irradiation was shows that the sensitivity is the same
for the whole considered dose interval and hence, the
biased VDMOSFET can be used in dosimetric appli-
cations. Such behavior is the crucial criteria for tran-
sistor application in the dosimetric applications. It was
verified that the sensitivity of these components is
higher than the specially designed radiation sensitive
field effect transistors (RADFET) sensitivity, with the
100 nm gate oxide thickness, manufactured by the
Tyndall National Institute, Cork, Ireland [24]. During
the irradiation, similar as for the RADFET, the domi-
nant role in the threshold voltage shift is played by the
positive trapped charge, which density is in order of
magnitude higher than the interface traps density.
Such behavior proves that the VDMOSFET IRF9520
can be used as sensors of the gamma radiation for dose
interval from 10 to 100 Gy.
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Mapuja I. OBPEHOBW'R, Mumt M. IEJOBUR,
‘Bophe P. TABAPEBUh, Henan M. KAPTAJIOBUR

E®EKTN N3A3BAHU TAMA 3PAYEILEM OJIrOBOPHU 3A IIOMEPAJ HAITIOHA
INPATA KOMEPIIMJATHUX P-KAHAJ/IHUX CHAXHHUX VDMOSFET TPAH3UCTOPA

HcrpaxuBaH je momepaj HalloHa Ipara KOMEpUUjalHUuX p-KaHalHUX cHaxXHUX VDMOSFET-a
TOKOM O3paunBam-a raMa 3padeteM y omncery o3a o 10 mo 100 Gy. O3paunBamse je ypabeno 6e3 npucycrsa
HaIlOHa Ha IejTy Kao U ca HalloHOM Ha rejTy o 5 V. [1oka3aHo je ga mocToju InHeapHa 3aBUCHOCT u3Meby
rmoMepaja HaroHa rmpara u abcopOoBaHe 03¢e 3paueka 3a KOMIIOHEHTe KOJ] KOjUX je HAallOH Ha I'ejTy TOKOM
o3pauduBama u3Hocuo 5 V. I'ycruHe (pUKCHUX UM IPOMEHJbUBHUX liEHTapa 3axBaTa cy ojpebuBaHe us3
noTnparoBckux [-V kapakTepucTuka KopuinhemeMm Muiran TexHuke. ITokaszaHo je fa ce TOKOM
o3paunBama (popMupa 3HaTHO Beha rycTiuHa (hUKCHUX IieHTapa 3axBaTa. Takobe cy aHanuszupaHu Moryhu
MEXaHU3MU OJIFOBOPHH 3a (popMupare (PUKCHUX U IPOMEHJbUBUX [EHTapa 3aXBaTa TOKOM 03paunBambhAa.

Kwyune peuu: VDMOSFET, Zama 3pauerse, ipomera HatloHa tipaza, aticopbosra 003a



