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Total Ionizing Dose Effects of 55-nm Silicon-Oxide-Nitride-Oxide-Silicon Charge
Trapping Memory in Pulse and DC Modes ∗

Mei Li(李梅)1,2, Jin-Shun Bi(毕津顺)1,2**, Yan-Nan Xu(徐彦楠)1,2, Bo Li(李博)1, Kai Xi(习凯)1,
Hai-Bin Wang(王海滨)3, Jing-Liu(刘璟)1, Jin-Li(李金)1, Lan-Long Ji(季兰龙)1,

Li Luo(骆丽)4, Ming Liu(刘明)1
1Key Laboratory of Microelectronics Devices and Integrated Technology, Institute of Microelectronics,

Chinese Academy of Sciences, Beijing 100029
2University of Chinese Academy of Sciences, Beijing 100049

3School of Internet of Things Engineering, HoHai University, Changzhou 213022
4Beijing Jiaotong University, Beijing 100044

(Received 2 April 2018)
The 60Co-𝛾 ray total ionizing dose radiation responses of 55-nm silicon-oxide-nitride-oxide-silicon (SONOS) mem-
ory cells in pulse mode (programmed/erased with pulse voltage) and dc mode (programmed/erased with direct
voltage sweeping) are investigated. The threshold voltage and off-state current of memory cells before and af-
ter radiation are measured. The experimental results show that the memory cells in pulse mode have a better
radiation-hard capability. The normalized memory window still remains at 60% for cells in dc mode and 76%
for cells in pulse mode after 300 krad(Si) radiation. The charge loss process physical mechanisms of programmed
SONOS devices during radiation are analyzed.
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With advantages of discrete charge storage,
low power, low cost, high speed, and good re-
tention/endurance performance, the charge-trapping
memory, such as silicon-oxide-nitride-oxide-silicon
(SONOS) technology has piqued increasing interests
in the semiconductor industry to meet the formidable
challenges of scaling-down.[1] The radiation-hard ca-
pability is crucial to charge-trapping memory aim-
ing at harsh environment application like space ex-
plorations. There exist various previous publica-
tions on the impact of the charge-trapping memory’s
structures,[2,3] materials,[4,5] and technology node[6,7]
on its responses with different radiation sources. Di-
versified results were shown in these previous reports
on the total ionizing dose (TID) responses of charge
trapping memory (CTM),[6,8] which may be due to
the fact that these researches were carried out without
considering the impact of the memory cell’s operation
modes. It is necessary to study the radiation tolerance
differences of memory cells operating in pulse and dc
modes.

The ultra-thin tunnel oxide layer of CTM cells
can easily be degraded due to hole generation and
trapping in the bulk oxide together with the inter-
face state generation between silicon and tunnel ox-
ide, for which the high electric field during program
and erase operations is responsible.[9−11] The stored
charge may escape from the storage layer by the trap-
assisted tunneling (TAT) mechanism with the help of
oxide traps and interface states. On the one hand,
the data retention reliability is worsened;[12] on the
other hand, those oxide traps and interface states have

a significant influence over the radiation tolerance of
memories.[13,14] The traps and interface states gen-
eration rates vary from operation/stress modes, such
as pulse and dc.[15−17] Therefore, it is necessary to
study the impacts of charge-trapping memory’s oper-
ation modes on its radiation-hard performance.

In this work, we investigate the effects of TID ir-
radiation on 55 nm SONOS memory cells operating in
pulse and dc modes, focusing on the threshold volt-
age (𝑉th), memory window (MW) shifts, and off-state
leakage current (𝐼off), followed by a detailed discus-
sion on the underlying charge loss mechanism of the
programmed SONOS device during irradiation.

The device under test (DUT) is a 2× 2-bit NOR-
type flash memory mini-array. Among the DUT,
each memory cell consists of a 2T-stacked structure,
which is a memory transistor (MT) in series with a
select transistor (ST). The schematic diagram of the
mini-array and the transmission electron microscope
(TEM) cross section of a memory cell are presented
in Fig. 1. The electron beam of TEM is incident into
the SONOS memory cell perpendicular to the channel
and the surface of the measured sample. As shown in
Fig. 1, there are five terminals (WLS/G, WL, BL/D,
SL and B) for every memory cell, in which G and
D represent gate and drain terminals of the mem-
ory transistor, respectively. The memory transistor
is an SONOS device, featured by a multi-dielectric
gate insulator consisting of a tunnel oxide/storage
nitride/blocking oxide (ONO) sandwich with charge
storage in discrete traps in the silicon nitride layer.[19]
The DUTs in this work are manufactured by us-
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ing an ultra-low-power 55-nm complementary-metal-
oxide-semiconductor (CMOS) logic technology node
with 3-extra masks and relevant process modules. The
specific layers’ thickness of the ONO stack cannot be
shown clearly due to being commercial confidential.
The select transistor is also an n-channel transistor.
All 𝐼d–𝑉g curves from the memory transistor are mea-
sured with the selected transistor remaining in the ON
state.

The basic electric characterization is performed
by an Agilent B1500A semiconductor device ana-
lyzer at room temperature. With terminal B float-
ing, the memory cells are programmed/erased with
the Fowler–Nordheim (FN) tunneling mechanism with
operating conditions demonstrated in Table 1. Two
different operating modes are utilized to evaluate var-
ious impacts of stress modes on the memory cell’s TID
effects.[12] The memory cell is programmed/erased
with direct voltage sweep (7V/−7 V) in dc mode and
7 V/−7 V for 2 ms/6ms duration in pulse mode. The
𝐼d–Vg curves are obtained by the READ operation
under a drain bias of 0.6 V. Figure of merits in this
study are defined as follows: 𝑉th is the gate voltage
while the drain current of the memory transistor is
1µA (𝐼d = 1µA) with 𝑉d = 0.6V, MW is determined

by the 𝑉th difference between programmed and erased
cells, and 𝐼off is defined as the drain voltage at zero
gate bias (𝐼d@𝑉g = 0V) with 𝑉d = 0.6V.

MT: Memory Transistor

ST: Select Transistor

WLS WL

SLBL

O:Oxide
N:Nitride
O:Oxide

WLS1 WLS0WL1 SL WL0

BL0

BL1

1 cell

Fig. 1. Simplified schematic of the 2×2 mini-array and
the corresponding TEM cross section of one-bit cell, con-
sisting of a memory transistor (SONOS) and a select tran-
sistor. The blocking oxide/storage nitride/tunnel oxide
(ONO) layers of the SONOS device are clearly shown in
the lower TEM picture. The specific size information of
each layer cannot be shown clearly due to being commer-
cially confidential.

Table 1. Definition of operation conditions. VG and VD represent the gate and drain voltages of the memory transistor,
respectively.

Operation 𝑉WLS/𝑉G 𝑉WL 𝑉BL/𝑉D 𝑉SL Time
PGM 7V 0V 0V 0V 2ms
ERS −7V 0V 0V 0V 6ms

READ −3–3V 2.5V 0.6V 0V
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Fig. 2. The 𝐼d–𝑉g curves of the memory cells under TID
radiation: (a) P/E in pulse mode, and (b) P/E in dc mode
before and after radiation.

The TID radiation experiments were conducted
with the 60Co gamma source in Peking Normal Uni-
versity with the dose rate as 50 rad(Si)/s, in which
DUTs were placed during radiation. Time intervals
for electrical measurements between irradiation expo-
sures are within the limits stated in MIL-STD-883D
Test Method 1019.4 (one hour after exposure to start
electrical characterization and two hours to begin the

next exposure). The total dose steps are 30 krad(Si),
100 krad(Si), and 300 krad(Si), respectively.
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Fig. 3. (a) The value of 𝑉th and normalized MW shifts
of memory cells for both programmed state (PGM) and
erased state (ERS) with pulse mode (open symbol) and
dc mode (solid symbol) before and after radiation. (b)
The logarithm plot of 𝐼off versus radiation dose for PGM
and ERS. The inset shows the linear plot of 𝐼off versus
radiation dose for ERS.
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Figure 2 shows a set of 𝐼d–𝑉g curves with differ-
ent levels of radiation dose for memory cells in pulse
mode (Fig. 2(a)) and dc mode (Fig. 2(b)). No bias is
applied to the memory cells during radiation to avoid
long time stress and disturbance. In both modes, the
𝐼d–𝑉g curves of the programmed cell shift toward the
negative direction while those of the erased cell shift
toward the positive direction after radiation. The 𝑉th

shifts and the MW variation due to TID radiation for
both programmed and erased states with pulse and dc
modes are shown in Fig. 3(a) to make a direct compar-
ison among the radiation-hard capability of memory
cells.

It is worth noting that 𝑉th of the programmed cell
in dc mode is much larger than that in pulse mode be-
fore radiation. It is generally acknowledged that 𝑉th

of the memory transistor rises with the increase of the
programming stress time due to more charge crossing
the tunnel oxide and injecting into the charge storage
layer.[1] The initial 𝑉th difference is caused by a longer
high-field stress time in dc mode during program op-
eration. However, the high electric field stress can
also incur a reliability issue that traps and interface
states will be generated by the tunneling electron af-
ter gaining enough energy from the stressing electric
field.[17,19] As a result, the reliability of the memory
cell may be lowered.

As shown in Fig. 3(a), 𝑉th of the programmed
memory cells in dc mode drifts down from 1.76 V to
0.9 V after 300 krad(Si) radiation. By contrast, the
programmed memory cells in pulse mode only ob-
serves a drift from 0.78V to 0.46 V. Similarly, 𝑉th

of the erased memory cells in dc mode goes up from
−1.25 V to −0.89 V, while 𝑉th of the erased cells in
pulse mode goes up from −1.32 V to −1.08 V. No mat-
ter for pulse or dc mode, the highest degradation rate
(14.85% in pulse mode and 25.65% in dc mode) of
MW happened before 30 krad(Si), while the lowest
one (1.3% in pulse mode and 6.29% in dc mode) hap-
pened between 100 krad(Si) and 300 krad(Si), which
can be attributed to the relatively easier initial loss
of stored charges in the shallow energy traps and
the charge redistribution.[8] Shallow energy traps in
SONOS devices are good in terms of the program
and erase speed, but bad for retention and anti-TID
performance. The degradation in 𝑉th leads to MW
shrinking. The normalized MW for cells in pulse mode
remains at 76%, while the cells in dc mode only remain
at 60% after 300 krad(Si).

In addition to 𝑉th shifts, the memory cells also ex-
perienced several orders magnitude of 𝐼off increase for
programmed cells and a slight 𝐼off decrease for erased
cells, as shown in Fig. 3(b). After 300 krad(Si) ra-
diation, 𝐼off is approximately 3 orders of magnitude
higher than the corresponding pre-radiation one for
the programmed memory transistor in dc mode, while
only 2 orders higher than that in pulse mode. Here 𝐼off
of the erased memory transistor decreases from 22µA
to 16.6µA in dc mode, and decreases from 22µA to
19.6µA in pulse mode. The experimental results show

that the memory transistor in pulse mode has a bet-
ter radiation-hard capability than that in dc mode. In
general, flash memory array works in pulse mode.[6,8]
For the performance evaluation of memory cells in an
array, the TID testing results based on memory cells
in pulse mode may be more reliable and practical than
those in dc mode.

The electrical responses of the programmed mem-
ory transistors caused by radiation can be explained
by physical processes as shown in Fig. 4.[20,21]

Silicon

Tunnel oxide

Nitride

Irradiation

Blocking oxide

Poly silicon

E1 E2

Fig. 4. Physical mechanisms involved in the programmed
state of the SONOS device under TID irradiation: (1)
electron-hole pairs are generated in the nitride layer; (2)
electrons emission over the nitride/oxide barriers; (3)
electron-hole pairs are generated in the tunnel oxide and
blocking oxide; (4) traps existing in the tunnel oxide assist
electrons conducting from the nitride layer to silicon; and
(5) the interface states are generated at the silicon/tunnel
oxide interface (channel region).

Process 1: Electron-hole pairs are generated in the
nitride layer during radiation, in which the generated
charge carriers recombine partially afterwards, and
the build-in electric field (𝐸1/𝐸2) induced by trapped
electrons acts to sweep remaining mobile electrons out
of the nitride layer, and to contain remaining holes in
the nitride. In addition, the nitride has a higher trap-
ping probability for holes than electrons.[6,21] These
reasons explain the buildup of positive charge in the
nitride, while there still exists net negative charge due
to electron storage.

Process 2: Trapped electrons, capable of absorb-
ing energy from radiation and being emitted to the
conduction band of the nitride, continue to absorb en-
ergy from radiation till they obtain sufficient energy
to overcome the nitride/oxide barrier of 3.1 eV.

Process 3: The radiation-generated electron-hole
pairs in the tunnel/blocking oxide recombine partially
in the first picosecond. Then, being more mobile than
remaining holes, remaining electrons are swept away
toward substrate silicon/poly silicon due to built-in
electric field (𝐸1/𝐸2). The holes are relatively immo-
bile and remain near the region of generation or tend
to shift toward the oxide/nitride interface.

Process 4: Absorbing energy from radiation and
emitted to the traps in the tunnel oxide at first, then
electrons in the nitride traps can hop through the ox-
ide traps to the substrate silicon.

Process 5: The interface states, generated by high-
electric field or radiation at the silicon/tunnel oxide
interface can act as donors or acceptors to trap holes
or electrons. The interface states generation also re-
sults in an increase in the subthreshold slope (SS).
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These processes have caused 𝑉th of the pro-
grammed memory transistor and MW to decrease with
radiation dose. For an erased memory transistor with
excess holes in the nitride layer, the direction of the
built-up electric field (𝐸1/𝐸2) is from nitride to sub-
silicon/poly silicon. As a result, a higher trapping rate
of holes for nitride and the electric field pointing out of
nitride work against each other in process 1.[6] In ad-
dition, the radiation was responsible for charge loss in
the nitride (processes 2 and 4) and the accumulation
of positive charges in the surrounding oxide (process
3) also tend to cancel each other out resulting in a
relatively small shift of 𝑉th.[21]

As mentioned above, traps and interface states
will be generated during the program/erase opera-
tion. The 𝐼d–𝑉g curves of memory cells in both pulse
and dc modes shift in a mostly parallel manner with
the increase of the total dose, resulting in a slight
change in the SS. The interface states generation is
minimal, which explains that the radiation-hard capa-
bility difference between memory transistors in pulse
and dc modes is mainly caused by tunnel oxide traps
generation.[19] As to the PGM case, the loss of trapped
electrons in the storage nitride becomes easier during
radiation for the existing of tunnel oxide traps (process
4).[20,21] From this perspective, improving the qual-
ity of the tunnel oxide is beneficial for improving the
radiation-hard capability of SONOS memory cells. As
far as is known, the incorporation of nitrogen and fluo-
rine into the tunnel oxide[22] can effectively reduce the
generation of oxide traps and interface states. More-
over, the trap level distribution of nitride can be ad-
justed by changing the proportion of Si and N in the
nitride material.[23] In this way, the deep level traps in-
crease while the shallow ones decrease, which can also
increase the radiation-hard capability of the SONOS
memory cell.

In summary, the radiation-hard capability of 55-
nm SONOS memory cells in pulse and dc modes has
been investigated. It is found that the characteris-
tics of memory transistors in dc mode suffered more
degradation than that in pulse mode, for which more
tunnel oxide traps that are generated in the memory
transistor in dc mode are mainly responsible. Act-
ing as intermediate tunneling sites, this makes it eas-
ier for stored charges escaping from the nitride traps

during radiation. The conclusion can be drawn that
the radiation-hard capability of memory cells in pulse
mode is better than that in dc mode. From the cir-
cuit perspective, as it works in pulse mode, a simple dc
mode for the TID evaluation of the SONOS memory
cell would overestimate the performance degradation.

References
[1] White M H, Adam D A and Bu J K 2000 IEEE Circuits

Devices Mag. 16 22
[2] Qiao F Y, Pan L Y, Pirter B et al 2014 IEEE Trans. Nucl.

Sci. 61 955
[3] Lv S C, Ge Z Y, Zhou Y et al 2010 Chin. Phys. Lett. 27

068502
[4] Bi J S, Xu Y N, Xu G B et al 2018 IEEE Trans. Nucl. Sci.

65 200
[5] Liao Z W, Huang Y, Zhang M et al 2008 Chin. Phys. Lett.

25 1908
[6] Puchner H, Ruths P, Prabhakar V et al 2014 IEEE Trans.

Nucl. Sci. 61 3005
[7] Bassi S and Pattanaik M 2014 Int. Symp. VLSI Design.

Test (Coimbatore 16–18 July 2014) p 1
[8] Qiao F Y, Yu X, Pan L Y et al 2012 Int. Symp. Phys.

Failure Anal. Integr. Circuits (Singapore 2–6 July 2012) p
1

[9] Aritome S, Shirota R, Hemink G et al 1993 Proc. IEEE 81
776

[10] Hu S G, Cao Y R, Hao Y et al 2008 Chin. Phys. Lett. 25
4109

[11] Cao Y R, Hao Y, Ma X H et al 2008 Chin. Phys. Lett. 25
1427

[12] Chou A I, Lai K, Kumar K et al 1997 Appl. Phys. Lett. 70
3407

[13] Jazaeri F, Zhang C M, Pezzotta A et al 2017 IEEE J. Elec-
tron Devices Soc. 6 85

[14] Liu Y, Liu K, Chen R S et al 2017 Chin. Phys. Lett. 34
018501

[15] Park S, Lee J, Ryu Y et al 2010 IEEE Int’l Conf. Electron.
Cir. Sys. (Athens 12-15 Dec 2010) p 289

[16] Liang M S, Haddad S, Cox W et al 1986 IEEE Int. Electron
Devices Meet. 32 394

[17] Rebuffat B, Masson P, Ogier J L et al 2014 Int. Symp.
Integr. Circuits (Singapore 10–12 Dec 2014) p 416

[18] White M H, Yang Y, Purwar A et al 1997 IEEE Trans.
Compon. Packag. Manuf. Technol. 20 190

[19] Rosenbaum E and Hu C M 1991 IEEE Electron Device Lett.
12 267

[20] Oldham T R and McLean F B 2003 IEEE Trans. Nucl. Sci.
50 483

[21] McWhorter P J, Miller S L and Dellin T A 1986 IEEE
Trans. Nucl. Sci. 33 1413

[22] Lee M C and Wong H Y 2014 J. Nanotechnol. 14 1508
[23] Chien H C, Kao C H, Chang J W et al 2005 Microelectron.

Eng. 80 256

078502-4

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

Reference Title:
Ref

http://cpl.iphy.ac.cn
https://doi.org/10.1109/101.857747
https://doi.org/10.1109/101.857747
https://doi.org/10.1109/TNS.2014.2303860
https://doi.org/10.1109/TNS.2014.2303860
https://doi.org/10.1088/0256-307X/27/6/068502
https://doi.org/10.1088/0256-307X/27/6/068502
https://doi.org/10.1109/TNS.2017.2782215
https://doi.org/10.1109/TNS.2017.2782215
https://doi.org/10.1088/0256-307X/25/5/106
https://doi.org/10.1088/0256-307X/25/5/106
https://doi.org/10.1109/TNS.2014.2367451
https://doi.org/10.1109/TNS.2014.2367451
https://doi.org/10.1109/5.220908
https://doi.org/10.1109/5.220908
https://doi.org/10.1088/0256-307X/25/11/074
https://doi.org/10.1088/0256-307X/25/11/074
https://doi.org/10.1088/0256-307X/25/4/071
https://doi.org/10.1088/0256-307X/25/4/071
https://doi.org/10.1063/1.119186
https://doi.org/10.1063/1.119186
https://doi.org/10.1109/JEDS.2017.2772346
https://doi.org/10.1109/JEDS.2017.2772346
https://doi.org/10.1088/0256-307X/34/1/018501
https://doi.org/10.1088/0256-307X/34/1/018501
https://doi.org/10.1109/95.588573
https://doi.org/10.1109/95.588573
https://doi.org/10.1109/55.82056
https://doi.org/10.1109/55.82056
https://doi.org/10.1109/TNS.2003.812927
https://doi.org/10.1109/TNS.2003.812927
https://doi.org/10.1109/TNS.1986.4334615
https://doi.org/10.1109/TNS.1986.4334615
https://doi.org/10.1016/j.mee.2005.04.077
https://doi.org/10.1016/j.mee.2005.04.077

	Title
	Fig. 1
	Table-1
	Fig. 2
	Fig. 3
	Fig. 4
	References

