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ABSTRACT ARTICLE HISTORY
Defects originate in N-channel MOSFETs by exposing them to high- ~ Received 14 September 2021
energy ions and ®°Co gamma radiation separately to different radi- Accepted 3 January 2022
ation doses. The electrical variations in MOSFETs are characterized KEYWORDS
systematically before and after the influence of radiation on MOS- MOSFET; radiation impact;

FETs. The impact of ®*Co gamma radiation on threshold voltage  threshold voltage; mobility
(V11) and mobility (u) characteristics of MOSFETSs is more than the

impact of high energy ions on MOSFETs. The annealing of electri-

cal characteristics in the irradiated MOSFETs is studied systematically

by isothermal and isochronal annealing techniques. The isochronal

annealing technique is more preferable due to its high recovery rate

than the isothermal annealing technique.

1. Introduction

Metal oxide semiconductor field-effect transistors (MOSFETs) are one of the building blocks
in the integrated circuit (IC) industry and used in diverse radiation environments: space,
high energy labs, radiotherapy clinics, for example (7). Low-energy particles from space and
high-energy particles from the Large Hadron Collider (LHC) that interact in MOS devices
can cause functional damage (2, 3). High-energy ions create ionization and displacement
damage, whereas ®°Co gamma radiation produces point defects and collision cascades in
addition to ionization in the MOSFETs. The damage created in MOSFET by ionization and
displacement results from the production of oxide trapped charges in the gate oxide (SiO3)
and interface trapped charges at the silicon-silicon dioxide (Si-SiO-) interface. These oxide
and interface trapped charges may cause malfunctioning of electrical properties, such as
threshold voltage (V1) and mobility of MOSFETSs. For the use of MOS devices in space, the
devices need to resist up to a few hundreds of gray (Gy) of gamma radiation dose, and
for high-energy physics experiments like in LHCs, the MOS devices need to resist up to
1 MeV equivalent 10'® cm~2 fluences of neutron over years of life which is equal to few
thousands of Gy of gamma equivalent total dose. The required time to reach such high
doses is explicitly high with the present ©°Co gamma, electron and proton facilities. The
required time to reach the same %°Co gamma equivalent dose using high-energy ions is
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quite minimal to impact the MOSFETSs. In recent times, some experiments have been con-
ducted to understand the effect of high-energy ions on the bipolar junction transistors
(BJTs) (3, 4), SiGe heterojunction bipolar transistors (HBTs) (5, 6) and N-Channel Deple-
tion MOSFETs (7-9). The studies related to the impact of radiation on MOSFETs and their
revival by different annealing techniques are very few (4, 7). Thus, the present work inves-
tigates the impact of different Linear Energy Transfer (LET) high-energy ions on threshold
voltage (V1) and mobility of MOSFETs and recovery of its electrical characteristics, using
different annealing techniques, to correlate the results with the ®°Co gamma impacts on
MOSFETs.

2. Materials and methods

The MOSFETs chosen in this experiment are BEL (Bharath Electronics Ltd., India) made
3N187 of two serially connected N-channels with independent dual gates (2, 7). The iden-
tical characterized MOSFETs were chosen to experiment with the influence of radiation
on the electrical characteristics of MOSFETSs. Different sets of MOSFETs were chosen for
different high-energy ions and %°Co gamma irradiation. The different high-energy ions,
such as 50 MeV Lithium ions, 95 MeV Oxygen ions, 100 MeV Fluorine ions, 140 MeV Sili-
con ions, 175 MeV Nickel ions and %°Co gamma radiation, were chosen to analyze their
impacts on the electrical characteristics of the MOSFETs. The 15 UD 16 MV Pelletron Accel-
erator facilities at Inter University Accelerator Center (IUAC), New Delhi, India are used to
create different high-energy ion impacts on MOSFETs by irradiation process. The experi-
ments were performed at 300 K temperature and 10~/ torr pressure with the ion fluence
range from 2 x 108 to -1.53 x 10'3 ions/cm?. The comparable ®°Co gamma radiation dose
for this fluence was from 1kGy to 1 MGy. The ion beam scanned the device over an
area of 1cm by 1 cm. The typical ion beam current 1 p-nA (one particle nanoampere) for
50 MeV Lithium ions, 0.29 p-nA for 95 MeV Oxygen ions, 0.125 p-nA for 100 MeV Fluorine
ions, 0.1 p-nA for 140 MeV Silicon ions and 0.03 p-nA for 175 MeV Nickel ions were main-
tained throughout the experiment. The gate terminals of the MOSFETs were biased at
2.0V. The %9Co gamma radiation impact on MOSFETs was measured at Pondicherry Uni-
versity, Puducherry using gamma chamber 5000 with a dose rate of 1.67 Gy per second.
SRIM-2011 simulation program (70) analyzed the energy loss and range of different ions in
the MOSFETSs. The Keithley 2636A Semiconductor Parameter Analyzer was used to char-
acterize the MOSFETs before and after experimenting. The Vry was extracted from the
IpxVgs transfer characteristic curve of the MOSFET. ANj; and ANy were projected using
the subthreshold measurements (71, 12). The mobility (u) of carriers in the channel was
determined from transconductance measurements of the MOESFETs. The recoveries in the
electrical characteristics of irradiated MOSFETs were studied by isothermal and isochronal
annealing techniques using high-temperature ovens and furnaces. The MOSFETs exposed
up to 1 MGy of total dose were subjected to isothermal annealing at 200°C for the dif-
ferent time period up to 100 h and allowed for natural cooling to study the annihilation
of the defects in the irradiated MOSFETs. The MOSFETs exposed up to 1 MGy of total
dose were subjected to isochronal annealing from 50°C to 400°C at 1 h duration for each
temperature and allowed for natural cooling to measure V4 and u parameters of the
MOSFET.
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3. Results and discussion

The identical characterized MOSFETs were separately exposed to different high-energy
ions and ®°Co gamma radiation under identical experimental conditions to induce radi-
ation impact on the MOSFETSs. The time required for different LET high energy ions and
60Co gamma to reach the same radiation dose is listed in Table 1. From Table 1 it is clear
that to give 1 MGy of radiation dose need around 167 h time using °Co gamma source,
on the other hand, the same radiation dose can be given in around 55 min using 50 MeV
Lithium ions, 18 min using 95 MeV Oxygen ions, 30 min using 100 MeV Fluorine ions, 18 min
using 140 MeV Silicon ions and 18 min using 175 MeV Nickel high energy ions, respectively.
When high-energy ions travel through a solid material, they lose energy by electronic exci-
tations called electronic energy loss, < dE/dx > e (Se) and direct nuclear collisions with the
target material called nuclear energy loss, < dE/dx > n (Sp). The SRIM-2011 simulation pro-
gram was used to calculate the energy loss and range of different high energy ions in the
MOSFETSs, and the details are given in Table 2. From Table 2, it can be observed that for a
given energy of different ions, the electronic energy loss is quite high compared to nuclear
energy loss. The energy deposited in the MOSFET is mainly due to electronic energy loss.
The nuclear energy loss is high near the end of the ion range, including point defects and
collision cascades. Using SRIM simulations one can estimate the passage of the different
ions through the active region of the MOSFETSs.

The variation in Vy with total radiation dose and annealing time for ®°Co gamma
and different high energy ion impact on MOSFETs are shown in Figure 1. To understand
the recovery in the electrical characteristics of ion impact MOSFETs, it is important to
know the high-temperature annealing studies in irradiated devices. Annealing defects
can occur when a vacancy and an interstitial atom combine. It is well known that the
radiation-induced oxide and interface trapped charges degrade the current-voltage char-
acteristics (I x V) of the MOSFET. In the present work the different electrical parameters,
such as threshold voltage (V14) and mobility (u), are studied after isothermal and isochronal
annealing.

To create radiation impact on MOSFETs the devices were irradiated up to 1 MGy of
total radiation dose and were subjected to isothermal annealing for different periods up
to 100 h at a constant temperature of 200°C. Then, natural cooling was performed to study
the annealing effects. It can be seen that a significant recovery in V1 was observed after
annealing. The V1y values for different radiation impacts and annealed MOSFETSs are listed
in Table 3. From Table 3 it can be observed around 70-100% recovery in the Vyy after
annealing up to 100 h.

In the isochronal annealing technique, the MOSFETs exposed up to 1 MGy of total radi-
ation dose were subjected for annealing from 50°C to 400°C in different steps for 1h.
The annealed devices were allowed for cooling up to room temperature. The important
electrical parameters were studied after annealing. The recovery in V1 with annealing tem-
perature for radiation impact MOSFETs is shown in Figure 2, and the readings are recorded
in Table 4. It is evident from this figure that V1 increases with an increase in temperature,
and the annealing rate is higher in the temperature range between 150°C and 250°C. It
can be observed from Table 4 that the V1 recovers almost 100% after annealing at 300°C.
Figure 1 shows the variation in V4 with total dose and annealing time. It can be observed
that from Figure 1 and Table 1, after 100 kGy of ©°Co gamma dose, the V1 is decreased by



Table 1. The required time for different high-energy ions and °Co gamma to reach respective radiation dose.

Required time to reach respective radiation dose

Radiation source 1kGy 3kGy 6 kGy 10 kGy 30 kGy 60 kGy 100 kGy 300 kGy 600 kGy 1 MGy
60Co gamma 10 min 30 min 60 min 1h 40 min 5h 10h 16 h 40 min 50h 100 h 166 h 40 min
50 MeV Lithium ions 3s 10s 20s 33s 99s 3min17s 5min29s 16min30s 32min50s 54min59s
95 MeV Oxygen ions 1s 3s 7s 1s 33s Tmin6s Tmin50s 5min25s 10min50s 18min5s
100 MeV Fluorine ions 2s 6s s 18s 54s 1min48s 3 min 9min1s 18 min3s 30min4s
140 MeV Silicon ions 1s 3s 7s 1Ms 33s 66s Tmin50s 5min30s 11 min 18min20s
175 MeV Nickel ions 1s 3s 65 1Ms 32s 64s 1min47s 5min20s 10min40s 17 min47s
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Table 2. Electronic energy loss, nuclear energy loss and range of ions in MOSFETs.

Se (keV/um) Sn (keV/pm) Rangein um
Radiation Source Energy (MeV) Al Si SiO, Al Si Si0, Al Si Si0,
Li3* ions 50 11.4 97.86 105.5 0.06 0.055 0.06 254 289.5 266
0’ ions 95 851.3 747.5 800 0.46 0.47 0.43 775 88.4 83
F8+ jons 100 171 1027 1096 0.65 0.59 0.60 63.7 72.7 68
Si'%* jons 140 2409 2114 2251 1.58 1.45 1.48 46.5 53 50
Ni'3+ jons 175 8091 7077 7487 9.23 84 8.58 27 30.6 28.6
80Co gamma ~1MeV 1.54 16 1.65 - - -
electron
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Figure 1. The threshold voltage as a function of radiation dose and annealing time after ®°Co gamma
and different ions impact on MOSFET.

Table 3. The change in V1y before and after the impact of radiation on MOSFET and after
isothermal annealing.

Vrn (V)
Before After 1 MGy Annealing at 200°C % Recovery in

Radiation source irradiation radiation dose for 100 hrs Vrn (V)
60Co gamma -1.32 —46 -1.79 73.7

50 MeV Liions —1.32 —3.73 —-1.33 99.25

95 MeV O ions —1.32 —3.18 —1.41 93.6

100 MeV F ions —1.32 —-3.0 —1.34 98.5

140 MeV Siions —1.32 —291 —1.24 100

175 MeV Niions —1.32 —2.96 —1.26 100

—2.2V and irradiation time is around 17 h. But in the case of 1 MGy of ®°CO gamma dose,
the decrease in V14 is only —3.3V, whereas the irradiation time is 167 h. It reveals that dur-
ing the gamma irradiation for a longer time, in addition, to reducing in V1, the annealing
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Figure 2. The threshold voltage as a function of radiation dose and elevated temperature after %°Co
gamma and different ions impact on MOSFET.

Table 4. The change in V1 before and after the impact of radiation on MOSFET and after isochronal
annealing.

Vi (V)
Before After 1 MGy After annealing up % recovery in
Radiation source Total dose irradiation radiation dose to 300°C Vu (V)
60Co gamma 1 MGy -1.32 —42 —131 100
50 MeV Liions 1 MGy —1.32 —3.99 —1.23 100
95 MeV O ions 1 MGy —-1.32 —4.25 —1.41 94
100 MeV F ions 1 MGy —1.32 —35 —1.16 100
140 MeV Si ions 1 MGy —1.32 —3.2 —1.13 100
175 MeV Niions 1 MGy —1.32 —3.1 —1.06 100

of the trapped charges also takes place. As a result, the rate of decrease in Vy was reduced
at higher total doses.

The mobility of carriers in the MOSFETs was calculated using the formula g = %,
when this expression is solved then u is uge where g is the field-effect mobility, g, is the
peak transconductance (7), L is the length, Z is the width and Cpy is the oxide capacitance
per unit area of the MOSFET (2, 7). The reduction in normalized u with an increase in radia-
tion dose and the recovery in the normalized p with annealing time for different ions and
60Co gamma impact MOSFETs are shown in Figure 3. From Figure 3, it can be seen that
the normalized u is found to decrease with an increase in radiation dose and observed to
recover around 50% under isothermal annealing. The variation in normalized u with an
increase in radiation dose and the recovery in the normalized y with an increase in tem-
perature for different ions and ®°Co gamma impact MOSFETs are shown in Figure 4. From
Figure 4 it can be observed that normalized u decreases with an increase in radiation dose. It
can also be observed that up to 150°C there is not much recovery in normalized . Only after
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Figure 3. The normalized mobility as a function of radiation dose and annealing time after ®*Co gamma
and different ions impact on MOSFET.
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Figure 4. The normalized mobility as a function of radiation dose and elevated temperature after $°Co
gamma and different ions impact on MOSFET.

150°C there is a sharp recovery in normalized p. It can be seen from the figure that almost
100% recovery in normalized u after annealing at 300°C under the isochronal technique.

It can be observed from Figure 3 that for ©*Co gamma-irradiated MOSFETSs the normal-
ized u sharply decreases up to 100 kGy of total dose and above 100 kGy of total dose, the
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normalized u saturates until 1 MGy of total dose due to annealing of trapped charge. In
isothermal annealing the irradiated MOSFETs were annealed at 200°C for 100 h, only about
70-100% recovery in V4 and about 50-70% recovery in normalized u took place. Whereas
in the isochronal annealing technique V1 and normalized u are recovered at 300°C. This
is due to radiation-induced oxide trapped charges and interface trapped charges in MOS-
FET being completely annealed after 250°C in this method. The experimental annealing
results of revival in Vry and normalized u show that the isochronal annealing technique is
preferable due to its high recovery rate compared to the isothermal annealing method.

4, Conclusion

The electrical parameters, such as threshold voltage (V14) and normalized mobility (u), were
studied before and after different high-energy ions and %°Co gamma irradiation effects
on the N-channel MOSFETs. V14 and normalized u were decreased after different high-
energy ions and ®°Co gamma radiation impacts on MOSFETs. The impact of °°Co gamma
radiation is greater than some high-energy ions. This is because °°Co gamma creates a
more trapped charge in SiO, compared to different high-energy ions. The recovery in Vy
and normalized u was studied systematically by isothermal and isochronal annealing tech-
nigues. The annealing results showed that the isochronal annealing technique was found to
be preferable due to its high recovery rate compared to the isothermal annealing method.

Acknowledgments

The authors thank IUAC, New Delhi for the high energy ion irradiation facility, and Pondicherry Uni-
versity, Puducherry for the °Co gamma irradiation facility. The authors also thank Dr. Ambhuj Tripati,
IUAC, New Delhi, for collaboration.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Notes on contributors

N. Pushpa, a professor of physics at JSS College of Arts, Commerce & Science, Mysuru, works on
designing the semiconductor devices and studies the effect of radiation on semiconductor devices.

A. P. Gnana Prakash, a professor of physics at University of Mysore, Mysuru. Since 2001 he works on
semiconductor devices and nano materials. He did research at Taiwan and Georgia Tech, USA.

Funding

This work was carried out under the research project sanctioned by DAE-BRNS, Government of India
(Project N0.2009/37/35/BRNS/2275).

ORCID
N. Pushpa ‘= http://orcid.org/0000-0003-1284-1731

References
(1) Avner, H.; Michael, M.; Joseph, B. IEEE Trans. Nucl. Sci 2008, 55 (4), 2098-2105.


http://orcid.org/0000-0003-1284-1731

400 N. PUSHPA AND A. P. PRAKASH

(2) Pushpa, N.; Praveen, K.C.; Gnana Prakash, A.P.; Prabhakara Rao, Y.P.; Tripati, A.; Govindaraj, G.;
Revannasiddaiah, D. Nucl. Instr. and Meth. A 2010, 613, 280-289.
(3) Gnana Prakash, A.P.; Pradeep, T.M.; Vinayakprasanna, H.N.; Pushpa, N.; Bajpai, P.K.; Patel, S.P.;
Tarkeshwar, T.; Bhushan, K.G. Radiat. Eff. Defect Solids 2018, 172 (11), 952-963.
(4) Pushpa, N.; Praveen, K.C,; Gnana Prakash, A.P.; Gupta, S.K,; Revannasiddaiah, D. Curr. Appl. Phys.
2013, 13, 66-75.
(5) Vinayakprasanna, H.N.; Pradeep, T.M.; Pushpa, N.; Praveen, K.C,; Bhushan, K.G,; Cressler, J.D;
Gnana Prakash, A.P. IEEE Trans. Device Mater. Reliab. 2018, 18 (4), 592-597.
(6) Vinayakprasanna, H.N.; Praveen, K.C.; Pradeep, T.M.; Pushpa, N,; Cressler, J.D.; Tripathi, A.; Asokan,
K.; Gnana Prakash, A.P. Nuclear Eng. Technol. 2019, 51, 1428-1435.
(7) Pushpa, N.; Gnana Prakash, A.P. Indian J. Phys. 2015, 89 (9), 943-950.
(8) Sun, Y, Liu, Z,; Fu, J.; Li, X,; Shi, Y. Radiat. Phys. Chem. 2018, 151, 84-89.
(9) Arshiya, A.; Pradeep, T.M.; Vinayakprasanna, N.H.; Pushpa, N.; Tripathi, A.; Gnana Prakash, A.P. [EEE
Trans. Device Mater Reliab 2019, 19 (4), 696—703.
(10) SRIM Software Package http://www.srim.org. 2011.
(11) Schwank, J.R.; Winokur, P.S.; McWhorter, P.J.; Dressendorfer, P.; Turpin, D.C. IEEE Trans. Nucl. Sci
1984, 31, 1434-1438.
(12) McWhorter, P.J.; Winokur, P.S. Appl. Phys. Lett 1986, 48 (2), 133-135.


http://www.srim.org

	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [493.483 703.304]
>> setpagedevice


