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Abstract: Total ionizing dose (TID) effects from Co-60 gamma ray and heavy ion irradiation were
studied at the 22-nm FD SOI technology node and compared with the testing results from the 28-
nm FD SOI technology. Ring oscillators (RO) designed with inverters, NAND2, and NOR2 gates
were used to observe the output frequency drift and current draw. Experimental results show a
noticeable increased device current draw and decreases in RO frequencies where NOR2 ROs have
the most degradation. As well, the functionality of a 256 kb SRAM block and shift-register chains
were evaluated during C0-60 irradiation. SRAM functionality deteriorated at 325 krad(Si) of the total
dosage, while the FF chains remained functional up to 1 Mrad(Si). Overall, the 22-nm FD SOI results
show better resilience to TID effects compared to the 28-nm FD SOI technology node.

Keywords: 22-nm FD SOI; 28-nm FD SOI; Co-60; flip-flop (FF); heavy ion; radiation effects; ring
oscillator (RO); static random-access memory (SRAM); total ionizing dose (TID)

1. Introduction

Integrated circuits (ICs) can experience various functionality issues when subjected to
prolonged doses of radiation. These effects are often a reliability concern in long-term space
missions where devices can spend years exposed to constant sources of radiation. Total
ionizing dose (TID) effects in ICs can result in changes to gate propagation delays, leakage
currents, and even loss of device functionality [1]. When ICs are exposed to ionizing
radiation, positive charges are accumulated within the gate oxide and field oxide layers,
thus resulting in less gate control of the device and an increased leakage current [2]. For
PMOS transistors, the result of these charges can result in the device failing to turn on,
whereas NMOS transistors become difficult to turn off [1,2]. The mechanisms of TID effects
in bulk technologies are often simpler due to the inclusion of only one gate oxide layer;
however, fully depleted silicon on insulator (FD SOI) technologies feature a more complex
response to TID effects [3].

Transistors in the latest FD SOI technologies are fabricated on a very thin silicon (Si)
layer over a buried oxide layer (BOX). With each transistor fabricated on a Si Island and
isolated from other transistors by the BOX layer, the volume of active Si is minimal for each
transistor. This allows for superior gate control over the channel region while reducing
nodal capacitances, which yields faster logic gate switching times over those for bulk
technologies. However, because FD SOI technologies have an additional parasitic structure
due to the BOX layer, effects due to TID are more complex than bulk devices [4–9]. The BOX
layer introduces a two-dimensional coupling effect between the front and back interfaces
of the channel. This doubled coupling becomes a critical contribution to the ionizing dose
response of FD SOI devices. In this case, FD SOI technologies tend to be more sensitive to
TID than their bulk counterparts [10,11]. This is important to note due to the attractiveness
of FD SOI technologies for use in space missions because of the technologies’ inherent
resilience to particle-induced single event effects (SEEs) [3,9]. There are already some
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experimental results from previous research on TID effects in the 28-nm FD SOI technology
node [2,9]. These results show that a TID-induced gate delay increased significantly in
that technology node, as well as leakage currents which impose barriers for it to be used
for some space applications where tolerance to high total absorbed dose levels is required.
Therefore, it is essential to investigate TID effects in the 22-nm FD SOI technology node
and compare them with the results from the 28-nm FD SOI technology node.

To evaluate TID effects, a 22-nm FD SOI test chip was designed and fabricated. Ring
oscillators (ROs), flip-flop (FF) chains, and a static random access memory (SRAM) block
were chosen as the testing vehicles for evaluating the technology’s susceptibility to TID
effects; including both Co-60 and heavy ions irradiation sources [12]. RO circuits can offer
insights into gate delays due to changes in the frequency of the circuits, as well as changes
in power consumption as dosage increases. The FF chains and the SRAM block can be used
to offer a broad perspective on device functionality. A similar test chip with 28-nm FD SOI
technology was also fabricated previously, and the results from that test chip will be used
in this paper for comparison purposes between the two technologies [9].

The organization of the rest of this paper is as follows. In Section 2, details of the test
circuits are introduced. In Section 3, details of the test chip design and experimental setup
are described. In Section 4, the experimental results will be presented and discussed. Lastly,
conclusions are drawn in Section 5.

2. Description of Test Circuits
2.1. Ring Oscillators

Individual transistors are the ideal test vehicles for evaluating TID effects; however,
there are many challenges regarding fabrication and testing. Additional design procedures
are necessary to avoid the antenna effects during fabrication, leading to additional measure-
ment errors. As explained by [13], measuring the change in the delay of a single transistor
is difficult in practice, and can severely skew the results if the transistor has large variations
in fabrication. Instead, ring oscillator (RO) circuits use the average parameter values of
all transistors in the circuit, and as such, are well suited for the TID characterization of
circuit-level parameters such as gate delay and power usage [8,14,15]. The use of averaged
measurements allows for averaging statistical variations between individual gate parame-
ters, thus ensuring that statistical variations between individual transistors in the RO circuit
are incorporated into the overall RO characteristics [8]. Additionally, since ROs are often
used for clock generation sources, it is important to understand how their performance can
change as the dosage of ionizing radiation increases.

RO circuits are designed using an odd number of logic gates connected in a loop,
which results in an unstable circuit oscillating at a fixed frequency. The oscillating frequency
depends on the number of stages in the loop. The RO frequency is determined by the
following equation:

f =
1

2 × n × t
(1)

where f is the RO frequency, n is the number of stages in the RO loop, and t is the average
delay of each RO stage. The equation for a single inverter delay is given below:

Delayinv =
CL × VDD

W
L × µ × Cox × (VDD − Vth)

2 (2)

where CL is the load capacitance, VDD is the supply voltage, W and L are the width and
length of the gate, µ is the carrier mobility, Cox is the capacitance of the oxide layer, and Vth
is the gate threshold voltage [16]. TID effects will alter both the mobility and the threshold
of the device, which will thus result in a measurable difference in the delay of the gate, and
therefore the frequency of the oscillator.

A variety of different ROs were constructed with 2-input NAND (NAND2) gates,
2-input NOR (NOR2) gates, and inverters, as shown in Figure 1. For each type of gate,
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multiple ROs were designed, each with a different number of gates to achieve different
oscillating frequencies. It should be noted that they were designed based on the cells from
the standard cell library without any special layout design techniques. The inverter ROs
included four different frequency options, and the NAND2 ROs and NOR2 ROs both had
three different frequency options. Tables 1–3 show the ROs’ expected oscillation frequencies
normalized to their respective fastest oscillation frequency as measured by post-layout
simulations from the foundry supplied process design kit (PDK).
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Figure 1. Three different RO designs: (a) Inverter-based RO design; (b) NAND2-based RO design;
(c) NOR2-based RO design.

Table 1. Inverter-based programmable RO simulation results.

Delay Block Number of Delay Stages Output Frequency (n.u.)

S0 21 1.00
S1 29 0.77
S2 45 0.57
S3 69 0.36

Table 2. NAND-based programmable RO simulation results.

Delay Block Number of Delay Stages Output Frequency (n.u.)

S0 13 1.00
S1 23 0.68
S2 49 0.39

Table 3. NOR-based programmable RO simulation results.

Delay Block Number of Delay Stages Output Frequency (n.u.)

S0 13 1.00
S1 23 0.68
S2 49 0.38

The output of oscillators for each respective gate was connected to a multiplexer and a
frequency divider circuit, as shown in Figure 2. The inclusion of the divider was needed as
the high frequencies of the oscillators were not able to be directly captured by the chip’s
IO pads, which are limited to 50 MHz. A reference RO used for comparison purposes
was previously fabricated in the 28-nm FD SOI technology node. It was constructed with
44-stage inverters and a nominal oscillating frequency of 1 GHz.



Electronics 2022, 11, 1757 4 of 11Electronics 2022, 11, 1757 4 of 11 
 

 

  

(a) (b) 

Figure 2. Schematic designs of different gate-based ROs: (a) Inverter-based RO schematic design; 

(b) NAND2 or NOR2-gate-based RO schematic design. 

2.2. Flip-Flop Chains 

The designed FF block included 14 different FF chains, which were comprised of a 

conventional master-slave transmission gate FF and 13 different radiation-hardened FF 

designs. The FFs were connected as shift register chains with 12,000 stages in each chain. 

The shift registers were clocked through an external clock signal and received input data 

via an IO pad. The reversed clock scheme was used to help avoid hold-time violations, as 

shown in Figure 3. While the power draw of each FF chain is slightly different due to the 

inherent design differences, together they offer an appropriate testing platform for deter-

mining changes in IC power usage as the dose rate increases, as well as changes in device 

functionality. 

 

Figure 3. Flip-flop chain and the clock data flow for the shift register design. 

2.3. SRAM Block 

A forward body bias (FBB) transistor configuration was chosen for the SRAM array, 

as shown in Figure 4a. The FBB transistor configuration allows for higher drive and lower 

threshold voltages, whereas the conventional reverse body bias (RBB) configuration, 

shown in Figure 4b, can limit leakage currents by increasing the threshold voltage of the 

device. Traditionally, SOI technologies were prone to TID-induced leakage currents caus-

ing operational failures [17]. However, recent FD SOI technologies, such as 28-nm and 22-

nm, have shown a significantly higher tolerance for TID exposures with limited increases 

in leakage currents, especially when the total absorbed dose is within 100 krad(Si) [18]. In 

this case, the usage of the RBB configuration to limit the operational performance of ICs 

was not as appealing as before. Instead, the usage of the FBB configuration to improve the 

performance of an IC design has become more valuable than the traditional RBB configu-

ration. To investigate TID effects on an SRAM with FBB configuration, a 256 kbit SRAM 

block was designed with a memory compiler. The SRAM block featured a 15-bit address 

line, an 8-bit data line, as well as a read/write enable and clock input. It was a single-port 

SRAM configured as 32 K × 8 memory with 256-cells on a bit-line. It included additional 

features such as bit-line redundancy, a pipeline mode, and power-gating. Inside of the 

SRAM design, it included cell arrays and various peripheral circuits such as row/column 

decoders, self-timing generators, sense amplifiers, and buffers. As SRAMs are commonly 

used in circuit designs, it is important to evaluate their performance under TID effects. 

Figure 2. Schematic designs of different gate-based ROs: (a) Inverter-based RO schematic design;
(b) NAND2 or NOR2-gate-based RO schematic design.

2.2. Flip-Flop Chains

The designed FF block included 14 different FF chains, which were comprised of a
conventional master-slave transmission gate FF and 13 different radiation-hardened FF
designs. The FFs were connected as shift register chains with 12,000 stages in each chain.
The shift registers were clocked through an external clock signal and received input data
via an IO pad. The reversed clock scheme was used to help avoid hold-time violations,
as shown in Figure 3. While the power draw of each FF chain is slightly different due
to the inherent design differences, together they offer an appropriate testing platform for
determining changes in IC power usage as the dose rate increases, as well as changes in
device functionality.
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2.3. SRAM Block

A forward body bias (FBB) transistor configuration was chosen for the SRAM array,
as shown in Figure 4a. The FBB transistor configuration allows for higher drive and
lower threshold voltages, whereas the conventional reverse body bias (RBB) configuration,
shown in Figure 4b, can limit leakage currents by increasing the threshold voltage of the
device. Traditionally, SOI technologies were prone to TID-induced leakage currents causing
operational failures [17]. However, recent FD SOI technologies, such as 28-nm and 22-nm,
have shown a significantly higher tolerance for TID exposures with limited increases in
leakage currents, especially when the total absorbed dose is within 100 krad(Si) [18]. In
this case, the usage of the RBB configuration to limit the operational performance of ICs
was not as appealing as before. Instead, the usage of the FBB configuration to improve
the performance of an IC design has become more valuable than the traditional RBB
configuration. To investigate TID effects on an SRAM with FBB configuration, a 256 kbit
SRAM block was designed with a memory compiler. The SRAM block featured a 15-
bit address line, an 8-bit data line, as well as a read/write enable and clock input. It
was a single-port SRAM configured as 32 K × 8 memory with 256-cells on a bit-line. It
included additional features such as bit-line redundancy, a pipeline mode, and power-
gating. Inside of the SRAM design, it included cell arrays and various peripheral circuits
such as row/column decoders, self-timing generators, sense amplifiers, and buffers. As
SRAMs are commonly used in circuit designs, it is important to evaluate their performance
under TID effects.
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3. Test Chip Design

A test chip consisting of the three types of circuits previously discussed was developed
and fabricated in a commercial 22-nm FD SOI technology, as shown in Figure 5. All FF
chains shared the same data input. The outputs of the SRAM block and FF chains were
connected to the IO pads for external error detection, and the outputs of the RO circuits
were connected to the IO pads for the frequency measurements. The nominal core logic
supply voltage for this technology was 0.8 V, and the IO voltage was 1.8 V. Functional
verification testing was carried out on the fabricated SRAM and FF chains with all 0s, 1s,
and checker-board input patterns before irradiation.

Figure 5. Test chip overall layout.

A testing system consisting of power supplies, an FPGA board, and a microcontroller
used during testing. The test chip was soldered onto a custom-made daughter board and
was connected to the FPGA via a DIMM connection. During testing, the FFs, SRAM, and
ROs were powered at their nominal voltage of 0.8 V. The FF chains were clocked at 1 MHz
with the ‘all 0’ data input pattern, and current readings were taken from the power supplies
every minute. The SRAM block was also clocked at 1 MHz, and a checker-board data
pattern was used. At the beginning of testing, all addresses in the SRAM were written with
the test data. Then, the content of the SRAM was continually read out to check if the data
were still appropriately stored. If there was a mismatch in data, the system would record
the event and attempt to repair the address with the correct test data, and the process
would continue. If the address data could not be repaired, then that address location was
considered non-functional and recorded.

During testing, the ROs were also powered at their nominal voltage of 0.8 V. The output
pins of the ROs were connected to counters inside the FPGA and monitored the number of
oscillations of each RO within a 0.1 s period. By knowing the number of oscillations for
a given period, the frequency of each RO was able to be determined. During testing, all
collected data on the FPGA were transferred to a microcontroller via a serial connection,
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where the data were logged and recorded so that testing personnel could evaluate the
experimental data in real-time.

4. TID Experimental Results and Discussions

The TID experiments were performed by using a Gammacell 220 Co-60 chamber
(Figure 6) at the University of Saskatchewan, Saskatoon, SK, Canada. The Gammacell 220
chamber can provide an irradiation rate of 108.2 rad(Si) per minute. The total absorbed
dose during the experiments was 1 Mrad.
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Figure 6. Gammacell 220 Co-60 Irradiator.

The frequencies of the ROs were recorded during the TID testing and plotted in
Figure 7. It should be noted that the observed experimental data are a linear trend, so a
first-order polynomial curve fitting was implemented to understand this trend better. It is
interesting to note that the ROs with the same gate type experienced the same decreasing
rate in their output frequency during testing. This can simply be attributed to the same
gate delay degradation during TID testing.
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Figure 7. RO frequencies vs. total absorbed dose during Co-60 test: (a) Inverter-based ROs;
(b) NAND2-based ROs; (c) NOR2-based ROs.

The relative change in frequency was calculated from the ROs designed with inverters,
NAND2, and NOR2 gates and listed in Table 4. For the inverter-based RO, the relative
decrease in frequency was the average of the drops in four different stage options; for the
NAND2 and NOR2-based ROs, the average value of the drops in three different stage
options was used to calculate the relative decrease in frequency. From the results, a trend
emerged showing that ROs built using different gates were impacted by TID effects at
differing rates.
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Table 4. RO frequency differences from 0 krad(Si) of exposure to 1000 krad(Si) during Co-60 test.

RO Type Relative Decrease in Frequency

Inverter −12.3%
NAND2 −6.8%
NOR2 −14.1%

Table 4 shows that the frequencies of the NAND2 ROs were least affected by the
TID, whereas the NOR2 ROs were most affected. It is noted that the NAND2 gates have
two NMOS transistors in series and two PMOS in parallel, whereas the NOR2 gates have
two PMOS transistors in series and two NMOS in parallel. The sizing of the NMOS and
PMOS network of the NAND2 and NOR2 gates used in the ROs was designed such that
the rising and falling time were roughly equal. In general, the positive charge trapped
in the BOX under the transistors due to TID irradiation results in a negative shift of the
threshold voltage, which leads to an increased driving current of the NMOS transistor and
reduced driving current for the PMOS transistors in the gates. Findings in [2] show that
the PMOS driving current is significantly reduced compared to the increase in the NMOS
driving current in 28-nm FD SOI technology, which leads to the monotonic decrease in the
frequency with the irradiation dose. The experimental results in this paper also show the
same trends. The results of the NAND2 and NOR2 ROs further validate this since NOR2
has two PMOS transistors in series, which further degrades the delay of the gate, and hence
reduces the frequency of the ROs.

TID testing with heavy ion irradiation was conducted at the Texas A&M University
(TAMU) Cyclotron Institute. An irradiation rate of 60.9 rad(Si) per second was provided.
Figure 8 shows the change of the frequencies as the increase in the heavy ions TID exposure
for the inverter-based RO (45 stages), NAND2-based RO (23 stages), and NOR2-based RO
(23 stages). The results still show that the NOR2 RO has the largest frequency degradation,
while the NAND2 RO has the least, which was demonstrated from the previous analysis.
In addition, it can be observed that the degradation of the RO frequency from the Co-60
test is much more than the heavy ion test. Despite the use of the High-K dielectric gates
in advanced technologies, which can help to reduce the radiation-induced voltage shift in
the gate insulator, the radiation-induced charge in SOI buried oxides and shallow trench
isolation oxide (STI) can cause degradation or failures as well [19]. Electron-hole pairs are
generated in the oxide layers when applying high-energy ionizing radiation, but most holes
and electrons can immediately recombine. For high LET particles, such as heavy ions, they
generate high-density charge pairs, making the initial recombination rate significantly large.
The charge pair line density is relatively small for the low LET particles, such as Co-60,
which reduces the initial recombination rate. Compared to the heavy ions, the Co-60 has a
better ability and efficiency to create the trapped charges in oxide layers [9], as reported
in [20,21], respectively.

Another inverter-based RO in 28-nm technology was used for comparison. There are
45 stages in the 28-nm RO, and 44 of them are also used as delay stages contributing to other
designs. A multiplexer was used to switch between these two modes, as shown in Figure 9.
When the select input is high, the design will work as an RO. The 28-nm RO was also based
on the conventional inverter without any layout optimizing techniques, which is the same
as the 22-nm design, making these two designs fully comparable. The frequency versus
total dose for two inverter-based ROs (45 stages and 69 stages, respectively) in the 28-nm
and 22-nm FD SOI technologies are plotted in Figure 10. These results show that during the
Co-60 test at 850 krad(Si) of dosage, the 28-nm RO had a frequency decrease of over 30%
from the initial, compared to the 14.5% decrease in 22-nm RO. During the heavy ion test, at
200 krad(Si) of dosage, the 28-nm RO had a frequency decrease of around 1.8% from the
initial, compared to a less than 0.5% decrease in the 22-nm RO. These results show that the
degradation in frequency for the 22-nm inverter-based RO has significantly improved. This
indicates that the PMOS driving current is less affected by the TID effects for the 22-nm
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technology node, which could be due to manufacturing improvements. It is known that
a thinner SiO2 BOX layer can lead to a milder TID effect [18,22]. The thicknesses of the
BOX and the SOI body of the 28-nm FD SOI technology are 25-nm and 7-nm [23], and those
are 20-nm and 6-nm in the 22-nm FD SOI technology node, respectively [24]. The BOX of
the 22-nm process is 25% thinner than that of the 28-nm process, so a less positive charge
will be deposited in the BOX of the 22-nm process during irradiation. This will cause less
interference with the threshold voltage of the 22-nm process, eventually leading to better
resilience to TID effects.
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Figure 11 shows the change in power supply current as the TID exposure increased for
both 22-nm and 28-nm test circuits for Co-60 irradiation. Both of the plots are normalized.
The current of 22-nm influenced by cumulative TID exposure is very similar to that of the
28-nm test. However, the current of the 22-nm test increased by approximately 18 times
after 800 krad(Si) dosage compared to the initial starting current, while the 28-nm showed a
10 times increase. The increase in driving and leakage currents in the transistors can explain
this increase in the current draw as the dose rate increases. These data show that TID effects
are still prominent in the 22-nm FD SOI node. In addition, in the 22-nm technology node,
the increase in the leakage current shows a linear trend from low doses to high doses.
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The SRAM operated normally during testing until its functionality deteriorated at
325 krad(Si) of the total dosage. At this point, the number of recorded errors increased
drastically, and every address showed a loss in functionality by 332 krad(Si) of the total
dosage. A series of troubleshooting tests were performed to try and return functionality
back to the SRAM block. These included resetting the test program, power cycling the
SRAM, and clocking the SRAM at a slower rate of 100 kHz. None of these methods yielded
any results, and the SRAM block was presumed dead. The FFs were still functional after the
1000 krad(Si) total absorbed dose, and no error was observed on any of the FF chains. In this
case, it is believed that the SRAM storage cells themselves did not fail at 325 krad(Si), but
instead, some part of the peripheral circuitry became damaged. For example, the internal
operation of the SRAM block is controlled by a self-timing, asynchronous circuit, which
could fail due to the increased delay, and this would explain why the entirety of the SRAM
block failed at the same time instead of a more gradual loss in functionality. In this case,
this timing issue caused by TID should be taken into account when designing the memory.
For example, the self-timing circuit in the SRAM should be designed to be tolerant of the
additional delay induced by the TID. Another method is to apply the back-gate voltage to
the peripheral circuitry. When applying the back-gate voltage to circuits in the flipped well
configuration, the drive current will be enhanced, and the delay will be reduced, which
should effectively mitigate the TID effect in the peripheral circuitry.

5. Conclusions

Three types of RO circuits were designed and fabricated to evaluate the effects of
frequency and leakage currents while exposed to gamma radiation. Results were compared
with the previous 28-nm FD SOI node, and they show that the 22-nm FD SOI node had less
frequency degradation compared to the 28-nm node. Among the three types of ROs, all
showed degradations due to the TID, but the NOR ROs yielded a worse performance than
that of the inverter ROs and NAND ROs due to the significantly reduced driving current
in PMOS transistors during TID testing. The reduction rate of the RO frequency during
the Co-60 was much higher than that of the HI test. The power supply current increased
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as the dosage increased similarly to that of the 28-nm node. The SRAM failed when the
cumulated dose reached 325 krad(Si), but the FF chains were still functional through the
test up to 1000 krad(Si). These results indicate that additional attention must be paid when
designing complex circuits for radiation-hardened applications.

Author Contributions: Conceptualization, L.C., C.J.E. and Z.L.; methodology, Z.L.; software, Z.L.;
validation, C.J.E. and Z.L.; formal analysis, Z.L.; investigation, C.J.E., Z.L., C.J., J.X., Z.Y. and S.S.;
resources, L.C.; data curation, C.J.E. and Z.L.; writing—original draft preparation, Z.L.; writing—
review and editing, L.C.; visualization, L.C.; supervision, L.C.; project administration, L.C.; funding
acquisition, L.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NSERC and the Cisco University Research Program. This is
also in part supported by the Beijing Microelectronics Technology Institute (TX-P21-01).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to licensing agreements.

Acknowledgments: We appreciate the support from CMC Microsystems for accessing the technology
PDK and the chip space.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, H. Effects of total-ionizing-dose irradiation on single-event response for flip-flop designs at a 14-/16-nm bulk FinFET

technology node. IEEE Trans. Nucl. Sci. 2018, 65, 1928–1934. [CrossRef]
2. Seo, D.; Trang, L.D.; Han, J.-W.; Kim, J.; Lee, S.; Chang, I.-J. Total ionizing dose effect on ring oscillator frequency in 28-nm FD-SOI

technology. IEEE Electron. Device Lett. 2018, 39, 1728–1731. [CrossRef]
3. Zheng, Q. Total ionizing dose responses of forward body bias ultra-thin body and buried oxide FD-SOI transistors. IEEE Trans.

Nucl. Sci. 2019, 66, 702–709. [CrossRef]
4. King, M.P. Analysis of TID process, geometry, and bias condition dependence in 14-nm FinFETs and implications for RF and

SRAM performance. IEEE Trans. Nucl. Sci. 2017, 64, 285–292. [CrossRef]
5. Gaillardin, M. Total ionizing dose response of multiple-gate nanowire field effect transistors. IEEE Trans. Nucl. Sci. 2017, 64,

2061–2068. [CrossRef]
6. Riffaud, J. Investigations on the geometry effects and bias configuration on the TID response of nMOS SOI tri-gate nanowire field

effect transistors. IEEE Trans. Nucl. Sci. 2018, 65, 39–45. [CrossRef]
7. Hughes, H. Total ionizing dose radiation effects on 14 nm FinFET and SOI UTBB technologies. In Proceedings of the 2015 IEEE

Radiation Effects Data Workshop (REDW), Boston, MA, USA, 13–17 July 2015.
8. Paillet, P. Total ionizing dose effects on deca-nanometer fully depleted SOI devices. IEEE Trans. Nucl. Sci. 2015, 52, 2345–2352.

[CrossRef]
9. Liu, R. Single event transient and TID study in 28 nm UTBB FDSOI technology. IEEE Trans. Nucl. Sci. 2017, 64, 113–118. [CrossRef]
10. Gaillardin, M. Impact of SOI substrate on the radiation response of ultrathin transistors down to the 20 nm node. IEEE Trans.

Nucl. Sci. 2013, 60, 2583–2589. [CrossRef]
11. Javanainen, A. Heavy-ion induced charge yield in MOSFETs. IEEE Trans. Nucl. Sci. 2009, 56, 3367–3371. [CrossRef]
12. Trang, L.D. Comparing variation-tolerance and SEU/TID-resilience of three SRAM cells in 28nm FD-SOI technology: 6T, Quatro,

and we-Quatro. In Proceedings of the 2020 IEEE International Reliability Physics Symposium (IRPS), Grapevine, TX, USA, 28
April–30 May 2020.

13. Feeley, A.; Xiong, Y.; Guruswamy, N.; Bhuva, B.L. Effect of frequency on total ionizing dose response of ring oscillator circuits at
the 7-nm bulk FinFET node. IEEE Trans. Nucl. Sci. 2022, 69, 327–332. [CrossRef]

14. Fujishima, M.; Asada, K. Proposal of standard characterization method for dynamic circuit performance. In Proceedings of the
1993 International Conference on Microelectronic Test Structures, Sitges, Spain, 22–25 March 1993.

15. Bhushan, M.; Gattiker, A.; Ketchen, M.B.; Das, K.K. Ring oscillators for CMOS process tuning and variability control. IEEE Trans.
Semicond. Manuf. 2006, 19, 10–18. [CrossRef]

16. Zafarkhah, E.; Maymandi-Nejad, M.; Zare, M. Improved accuracy equation for propagation delay of a CMOS inverter in a single
ended ring oscillator. Int. J. Electron. Commun. 2017, 71, 110–117. [CrossRef]

17. Rezzak, N. Total-ionizing-dose radiation response of 32 nm partially and 45 nm fully-depleted SOI devices. In Proceedings of the
2012 IEEE International SOI Conference (SOI), Napa, CA, USA, 1–4 October 2012.

http://doi.org/10.1109/TNS.2017.2781622
http://doi.org/10.1109/LED.2018.2872345
http://doi.org/10.1109/TNS.2019.2901755
http://doi.org/10.1109/TNS.2016.2634538
http://doi.org/10.1109/TNS.2017.2702668
http://doi.org/10.1109/TNS.2017.2776326
http://doi.org/10.1109/TNS.2005.860699
http://doi.org/10.1109/TNS.2016.2627015
http://doi.org/10.1109/TNS.2013.2249093
http://doi.org/10.1109/TNS.2009.2033687
http://doi.org/10.1109/TNS.2022.3144911
http://doi.org/10.1109/TSM.2005.863244
http://doi.org/10.1016/j.aeue.2016.10.009


Electronics 2022, 11, 1757 11 of 11

18. Yan, G. Simulation of Total Ionizing Dose (TID) effects mitigation technique for 22 nm Fully-Depleted Silicon-on-Insulator
(FDSOI) transistor. IEEE Access 2020, 8, 154898–154905. [CrossRef]

19. Schwank, J.R. Radiation effects in MOS oxides. IEEE Trans. Nucl. Sci. 2018, 55, 1833–1853. [CrossRef]
20. Shaneyfelt, M.R.; Fleetwood, D.M.; Schwank, J.R.; Hughes, K.L. Charge yield for cobalt-60 and 10-keV X-ray irradiations of MOS

devices. IEEE Trans. Nucl. Sci. 1991, 38, 1187–1194. [CrossRef]
21. Dudek, P.; Szczepanski, S.; Hatfield, J.V. A high-resolution CMOS time-to-digital converter utilizing a Vernier delay line. IEEE J.

Solid-State Circuits 2000, 35, 240–247. [CrossRef]
22. Gaillardin, M. Radiation effects in advanced SOI devices: New insights into total ionizing dose and single-event effects. In

Proceedings of the 2013 IEEE SOI-3D-Subthreshold Microelectronics Technology Unified Conference (S3S), Monterey, CA, USA,
7–10 October 2013.

23. Zhang, K.; Kanda, S.; Yamaguchi, J.; Furuta, J.; Kobayashi, K. Analysis of BOX layer thickness on SERs of 65 and 28nm FD-SOI
processes by a monte-Carlo based simulation tool. In Proceedings of the 2015 15th European Conference on Radiation and Its
Effects on Components and Systems (RADECS), Moscow, Russia, 14–18 September 2015; pp. 1–5. [CrossRef]

24. Yuan, J.; Zhao, Y.; Wang, L.; Li, T.; Sui, C. 22nm FDSOI SRAM single event upset simulation analysis. J. Phys. Conf. Ser. 2021, 1920,
12069. [CrossRef]

http://doi.org/10.1109/ACCESS.2020.3018714
http://doi.org/10.1109/TNS.2008.2001040
http://doi.org/10.1109/23.124092
http://doi.org/10.1109/4.823449
http://doi.org/10.1109/RADECS.2015.7365583
http://doi.org/10.1088/1742-6596/1920/1/012069

	Introduction 
	Description of Test Circuits 
	Ring Oscillators 
	Flip-Flop Chains 
	SRAM Block 

	Test Chip Design 
	TID Experimental Results and Discussions 
	Conclusions 
	References

