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Abstract: Metal-aluminum oxide-hafnium aluminum oxide-silicon oxide—silicon
(hereafter MAHAOS) devices can be candidates for ionizing radiation sensor applications.
In this work, MAHAOS devices (SONOS-like structures with high k stack gate dielectric)
were studied regarding the first known characterization of the ionization radiation sensing
response. The change of threshold voltage V; for a MAHAOS device after gamma ray
exposure had a strong correlation to the total ionization dose (TID) of gamma radiation up
to at least 5 Mrad TID. In this paper, the gamma radiation response performances of the
pre-programmed and virgin (non-pre-programmed) MAHAOS devices are presented. The
experimental data show that the change of Vy for the pre-programmed MAHAOS device
with gamma irradiation is very significant. The data of pre-programmed MAHAOS devices
written by 5 Mrad TID of gamma radiation was also stable for a long time with data
storage. The sensing of gamma radiation by pre-programmed MAHAOS devices with high
k stack gate dielectric reported in this study has demonstrated their potential application for
non-volatile ionizing radiation sensing technology in the future.
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1. Introduction

After gamma irradiation, it is well known that the MOS structure has a build-up of positive charges
at the Si-SiO; interface and an interface state occurs in the structure [1]. The radiation effects of a
Metal-Nitride-Oxide-Silicon (MNOS) device with stacked insulation layers composed of silicon
nitride and silicon dioxide has been reported [2—6]. Total ionization dose (TID) radiation effects in
traditional silicon-oxide-nitride-oxide-silicon (SONOS) non-volatile memory (NVM) devices have
been studied previously [7-9]. Until now, little was known about the radiation response of SONOS—like
devices with high k gate dielectric structure. The poly—silicon oxide-high k& oxide-silicon oxide-silicon
(so-called SOHOS) structure with hafnium oxide (HfO,) for charge storage layers demonstrates
superior charge storage capability at low voltages, faster programming and less over-erase problems
compared to conventional SONOS NVMs, but it has poorer charge retention capability. The SOHOS
with hafnium aluminum oxide HfAL Oy (hereafter HfAlO) for charge storage layer previously showed
advantages of high speed program/erase and good charge-retention capability, which renders SOHOS
with HfAIO charge storage the most promising candidate for NVM device application [10-13]. Until
now, little was known about the radiation sensing response performance of metal-aluminum oxide
hafnium aluminum oxide—silicon oxide—silicon (hereafter MAHAQS) devices. In this work, we built a
MAHAOS device and performed the first known characterization of the total ionization dose (TID)
sensor response on these devices. This new type of MAHAOS device is illustrated in Figure 1. The
gate dielectric stack of this MAHAOS device is made of SiO,, HfAIO and ALO;. In this paper,
the radiation response performances of MAHAOS devices with pre-programmed and virgin
(non-pre-programmed) state were characterized.

Figure 1. Schematic cross-section of MAHAOS capacitor devices in this work.
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Figure 2 shows a graphical view of charge generation and trapping states of the gate dielectric for
the MAHAOS device during gamma irradiation. In an ionizing radiation environment, hole trapping is
usually the dominant source of radiation-induced oxide-trap charge in SONOS-type devices [8].
The MAHAOS devices using high & gate dielectric materials, which also can be integrated into the
mainstream CMOS semiconductor processes, were studied and in this paper the first known
characterization of the TID sensing response by applying ionizing radiation is reported.
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Figure 2. Charge generation and trapping for the MAHAOS during irradiation.
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2. Experimental Details

The N-channel MAHAOS device were fabricated at the Taiwan National Nano Device Laboratories
(NDL, Hsin-Chu, Taiwan). Starting wafers were 6" silicon (100) orientation with boron doped type
substrates with a resistivity of 15-25 Q-cm. A tunneling SiO, was formed by an advanced clustered
vertical furnace on the cleaned wafers and its thickness was 4 ~ 6 nm, which was measured by
spectroscopic ellipsometry. After the tunneling oxide formation, HfAIO films were deposited as the
charge-trapping layers in a metal organic chemical vapor deposition (MOCVD) system at 400 ~ 550 °C
with 10 ~ 20 nm thick deposition. A composition ratio between 20% and 30% of Al in HfAIO is
achieved by controlling the deposition process parameters. HfAIO films were deposited by using two
precursors, Hf (tert-butoxy),(mmp), and aluminum isopropoxide in the MOCVD system. The top
oxide Al,O3 was formed by MOCVD at 450 ~ 550 °C to an approximate thickness of 5 ~ 10 nm thick, and
a 200 ~ 400 nm TiN metal gate was formed by the DC sputtering for the control gate. The resulting
structure is illustrated the Figure 1. After gate patterning, source and drain were formed by
implantation with arsenic atoms which were activated at 900 °C for 30 s. A TEM image of the
resulting MAHAOS gate stack structure is illustrated in the Figure 3.

Figure 3. Transmission electron micrograph showing details of the MAHAOS gate stack region.
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The basic wafer-level program-erase testing was performed at room temperature by using a
HP4156A parameter analyzer together with an Agilent HP16440A pulse generator and a cascade probe
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station before gamma radiation. In this paper, the radiation response performances of MAHAOS
devices with pre-programmed and virgin states were characterized and compared. Before irradiation,
these samples were pre-programmed by apply a positive gate voltage first and then were irradiated
with zero gate bias (also zero source-drain bias) for TID test. This MAHAOS device is
pre-programmed by using F-N tunneling of electrons from the substrate into the HfAIO trapping layer
with positive gate voltage prior to gamma irradiation. The gamma radiation was performed on the
MAHAOS by using a ®°Co irradiator at room temperature. Gate leakage current vs. gate voltage (Ig-V)
curves were obtained by using a computer-controlled HP4156 parameter analyzer and gate capacitance
vs. gate voltage (Cg-V) curve measurements were obtained by using a computer-controlled HP4284
parameter analyzer. The Cs-V curve is measured by sweeping gate voltage together with zero source
and drain bias conditions. Pre-irradiation and post-irradiation, I5-V ¢ and Cg-V curve behaviors of this
MAHAOS device are also compared. Radiation-induced V7 shifts and gate leakage current were
estimated from I5-Vg and Cg-V curve measurements at room temperature.

3. Results and Discussion
3.1. Capacitance-Voltage Measurements

Figure 4a shows the pre-irradiation C-V characteristics for a typical MAHAOS device in the
programmed and erased states. The gate capacity of this C-V curve is measured by sweeping gate
voltage together with zero source and drain bias. The MAHAOS device was programmed by F-N
tunneling of electrons from the substrate into the trapping dielectric using a positive gate voltage, the
electrons are thus trapped in the trapping layer and there is a large positive shift in Vr by applying a
negative gate voltage. Similarly, the MAHAOS device was erased with a negative voltage applied to
the gate, holes are injected through the oxide and into the trapping layer; therefore, the holes are
trapped in the HfAIO, and there is a large negative shift in V. The magnitude of the initial V7 is
dependent on the frequency, duration, and amplitude of the write/erase pulses. The center curve of
Figure 4a represents the initial C-V condition of a MAHAOS device and it is so called “virgin state” in
this paper, which has never been written or erased previously. The initial Vr of virgin state MAHAOS
depends on the trapped charges located at the defects and interfaces in the gate dielectric with
aluminum oxide-hafnium aluminum oxide-silicon oxide (hereafter A-HA-O) stack during wafer
fabrication process before irradiation. The packet of trapped electrons due to programming and erasure
changes the threshold voltage of the transistor, and causes a shift in the C-V curves. The V7 of the
programmed MAHAOQOS deice is shifted by about 3 V regardless of the magnitude of its V7 in the
erased state prior to gamma radiation.

Figure 4b shows a family of C-V curves for a typical single pre-programmed MAHAOS device
which was irradiated stepwise up to 5 Mrad TID. A significant negative shift is observed for the
pre-programmed MAHAOS device as a result of a large loss of charges in the trapping layer caused by
the ionizing radiation. These results indicate the amount of trapped electron is smaller than the amount
of trapped hole in the gate dielectric.
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Figure 4. (a) Pre-irradiation C-V characteristic of a single MAHAOS device; (b) C-V
curves for pre-programmed MAHAOS device with radiation up to 5 Mrad TID.
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The net positive charges are trapped in the gate dielectric stack when the transistors are irradiated
which resulting in a negative shift in the C-V curves as shown in the Figure 4b. A significant
radiation-induced shift of C-V curve in the MAHAOS device is likely due to a combination of two
different types of mechanism that occur. The first one is due to a loss of stored charge in the A-HA-O
dielectric stack causing a V7 shift. The gamma radiation causes the charges trapped in the original
HfAIO trapping layer to be emitted from the traps. This loss of stored charge then causes a shift in Vr
The second is due to asymmetrical trapping causing a Vr shift. The radiation generates electron/hole
pairs in the HfAIO trapping layer which is more likely to trap holes than electrons, so this leads to a
buildup of positive charge in the HfAIO trapping layer post gamma radiation. The hole charges in the
gate oxide are the dominant radiation-induced charges of these devices under the gamma radiation
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conditions, which can be illustrated by a decrease in Vr as seen in the Figure 4b. These results are in
agreement with the previous results of radiation effects on SONOS studies [8,9]. As shown in
Figure 4b, the Vr of the pre-programmed MAHAOS device is decreased by about 3 V at 5 Mrad TID of
gamma radiation, regardless of the magnitude of its V7 in pre-programmed state prior to gamma radiation.

3.2. Threshold Voltage vs. TID Measurements

Figure Sa, further shows the change of V; as a function of gamma radiation TID for both
pre-programmed and virgin (non-pre-programmed) MAHAOS devices before irradiation. The V7 of
the MAHAOS device in the pre-programmed, virgin, and erased states all shifted negatively after TID
gamma irradiation. As the total radiation dosage increases, the difference between the threshold
voltages in the programmed and the virgin states decreases. It is noted that the changes of Vr does not
vary significantly with stepwise irradiation up to 1 krad TID and V7 decreases significantly after
1 krad TID; but V; decreases more dramatically after irradiation levels up to 100 krad TID. As shown
in Figure Sa, the radiation-induced V7 shifts are somewhat more significant in the irradiated and
pre-programmed device compared to the irradiated and virgin device. It is clearly observed in
Figure 5a that the effect of radiation on the Vy of the MAHAOS device depends on the initial
magnitude of Vr and hence the charge trapped in the HfAIO trapping layer prior to irradiation.
The experimental data show that the change of Vy for the pre-programmed MAHAOS device with
gamma irradiation is very prominent. The decrease of V1 for the pre-programmed MAHAOS device is
about 3 V after 5 Mrad TID gamma ray irradiation regardless of the magnitude of its V; value in
pre-programmed state prior to gamma radiation. These radiation-induced shifts in the irradiated device
are a combination of two effects; the first effect is a result from the loss of stored charge in the HfAIO
trapping layer and the second effect is due to a build-up of positive charge resulted from asymmetric
trapping of electrons and holes in the HfAIO trapping layer. These two combined effects cause a large
shift in the programmed state but create a smaller shift in the erased state. It is noted that the
MAHAOS device in the virgin state contains less stored charge to be removed upon irradiation. An
erased device is one whose stored charges have been erased and in its HfAIO trapping layer contains
only a small amount of stored charge to begin with. The V7 shift upon gamma radiation of this single
erased device is mostly due to the second effect described earlier and it is mainly contributed by the
asymmetric trapping of charges in the trapping layer.

For comparison, a TiN-silicon oxide-nitride-silicon oxide-silicon device (hereafter MONOS) which
using the same gate dielectric thickness and the same pre-program voltage of the MAHAOS device, as
stated in Figure 5Sa, is also irradiated with gamma radiation up to 5 Mrad TID. Figure 5b illustrates
changes of Vr as a function of gamma radiation TID for the MONOS device. It is observed in Figure 5b
that the effect of radiation on Vr for the MONOS shows a similar trend as for the MAHAOS device.
The changes of V7 does not vary significantly with stepwise irradiation up to 1 krad TID and V7
decreases significantly after 1 krad TID but V; decreases more dramatically after gamma irradiation
levels up to 100 krad TID. Moreover, the effect of radiation on Vy for the MONOS device also
depends on the initial V7 value of the MONOS device, but V7 of the pre-programmed MONOS device
shifts only about —1.5 V at 5 Mrad TID, regardless of the magnitude of its pre-programmed and
pre-irradiation value. It is noted that the gamma irradiation causes a large decay of Vr for the
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MAHAOS device, while it causes less of a shift of V7 in the MONOS device. It is suggested that the
MAHAOS device pre-programmed by the same gate voltage contains more stored charge to be
removed upon irradiation than that for MONOS. The trap density of the HfAIO trapping layer can be
increased by increasing the doping of Al atoms into HfO,, which further results in a high trap density
generated by doping suitable Al content into the HfAIO charge-trapping layer [12,13]. Gamma
radiation sensing by the pre-programmed MAHAOS devices using high & gate dielectric technology
has demonstrated the promising potential to be used for ionizing radiation sensing application in
the future.

Figure 5. (a) The changes of Vr decrease as a function of gamma radiation TID for
MAHAOS device; (b) The changes of V7 decrease as a function of gamma radiation TID
for MONOS device; (¢) The model of V; as a function of gamma radiation TID for
MAHAOS device.

® Programmed

3 O  Virgin
v  Erased
2 L ® ® oo
®e
1
z ®
@) @) @)
E 0 ©o o) ®
@)
O
1 v v v vv vwv vv =
0.001  0.01 0.1 1 10 100 1000 10000
Total Radiation Dose(Krad)
(a)
3
® Programmed
2 O Erased
v Virgin
E 1
E o ([ o0 L 2P
0 v v vV VY vy O
6) o) O 00 00 Y X
1 ®
2 4

0.001  0.01 0.1 1 10 100 1000 10000
Total Radiation Dose(Krad)

(b)



Sensors 2014, 14 14560

Figure 5. Cont.
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3.3. Quantitative Model

A model (hereafter called HWC mode) is now presented which can be used to model the V7 shift of
MAHAOS device under irradiation conditions. The HWC model is derived from the prior studies of
McWhorter [6] and Fengying Qiao [9], which is given by:

VD) = [V(0) — A] {[Blexp(~t,D) + [1 — Blexp(~t,D)} + A (1)

where D represents the TID. ¢, and ¢, are defined as the sum of emission and capture constant of
electrons and holes, respectively. 4 is the constant for specific device. B is the combination ratio of
electrons and holes effect. The unknown four parameters t,, ¢,, B and 4 for the MAHAOS device
can be derived from the curve fitting of experimental data. The analysis in this study showed
t, = 3E-3/Krad, t, = 3E—4/Krad, 4 = —1.5, B = 0.5 are the optimum fitting parameters to predict the
radiation response of the MAHAOS device in this study. Once these parameters were determined,
the theoretical post irradiated V7 “VAD)” with any prior irradiated Vy “V{(0)” can be predicted by
Equation (1). Figure 5c shows a graphical view of the HWC model results plotted against the
experimental V(D) with different /{0) at pre-programmed, pre-erase and virgin states of MAHAOS
devices, where the HWC model can fit well with the experimental data as illustrated.

3.4. Threshold Voltage vs. Retention Time Measurements

Figure 6 shows the Vp stability vs. retention time for the MAHAOS device after the gamma
irradiation process. The upper curve is the programmed MAHAOS device before gamma irradiation
and the lower curve represents the pre-programmed MAHAOS device under 1 Mrad and 5 Mrad TID
gamma irradiations, respectively. It is noted that the natural decay of the threshold voltages with time
for the programmed MAHAOS device prior to irradiation is a result of charge tunneling out from the
HfAIO trapping layer. But the radiation-induced V7 shift is very effectively recorded inside the stack
gate of MAHAOS device because these MAHAOS devices with high k dielectrics are designed to trap
and store charge efficiently in the gate stack. The MAHAOS device with HfAIO trapping layer takes
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the advantages of Al,Os for better charge retention capability compared to SONOS [12]. As illustrated
in Figure 6, after 1 Mrad TID of gamma irradiation, the V7 decay rate (volts/Log(time)) of the
pre-programmed MAHAOS device is not significant, even after one year at constant room temperature
storage. It also shows that the decay of the V7 in the pre-programmed MAHAOS device after 5 Mrad
TID of gamma irradiation is not significant, but the Vr did recover 0.1 V from one-year-storage after
5 Mrad TID of gamma radiation in this study. This recovery may be attributed to the partial
re-programming of the memory element by the charge redistribution during a long-term room
temperature annealing. These results suggest that pre-programmed MAHAOS devices would be able to
sustain data for a long period under high dosage of gamma irradiation conditions.

Figure 6. The V7 stability for pre-programmed MAHAOS device after gamma irradiation.
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3.5. Gate Leakage Current vs. Gate Voltage Measurements

In Figure 7, the gate leakage current (Ig) vs. gate voltage (V) characteristics measured for
pre-programmed MAHAOS device after 5 Mrad TID of gamma irradiation are illustrated.

Figure 7. The I vs. V¢ characteristics for pre-programmed MAHAOS device post irradiation.
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The gate leakage current vs. gate voltage (Ig-V¢) curves before irradiation and after 5 Mrad TID
irradiation were measured, respectively. As shown in Figure 7, the gate leakage current measured by
applying 3 V gate voltage was below 0.1 pA before irradiation and was increased to 10 pA after
5 Mrad TID gamma radiation exposure. It shows the gate leakage current does not change significantly
after 5 Mrad TID gamma irradiation for pre-programmed MAHAOS.

3.6. Gate Leakage Current vs. TID Measurements

Figure 8 illustrates the gate leakage current measured at 3 V Vg for a pre-programmed MAHAOS
device with gamma irradiation up to the 5 Mrad TID. The gate leakage current changes slowly before
500 krad TID gamma irradiation and changes significantly after 500 krad; but it changes more
dramatically after 1 Mrad. As shown in Figure 8, the gate leakage current measured at 3 V V was
below 0.1 pA before irradiation and was increased to 10 pA after 5 Mrad. Therefore, gate leakage
current is not assumed to be the main factor to contribute the Vg shift of the pre-programmed
MAHAOS device after gamma irradiation.

Figure 8. The Ig measured at 3 V Vg for pre-programmed MAHAOS device irradiated by
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3.7. Gate Leakage Current vs. Retention Time Measurements

Figure 9 shows the recovery of gate leakage current vs. retention time for the pre-programmed and
irradiated MAHAOS devices measured under 3 V Vg conditions. It is noted that this gate leakage
current of MAHAOS irradiated by 5 Mrad TID gamma irradiation is partially recovered by adopting
one-year storage at the room temperature conditions. This effect is similar to the case of CMOS
devices whose gate leakage can be partially recovered by a long-term room temperature annealing or
short-term baking at 250 °C [8]. The gate leakage of pre-programmed MAHAOS devices can be
annealed by applying long-term room temperature or short-term high temperature annealing as well in
this study. The irreversible high dose radiation damage of programmed MAHAOS device is partially
recovered in this study by applying one year storage at room temperature annealing.
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Figure 9. The recover of Ig for the pre-programmed MAHAOS device irradiated by
5 Mrad TID.
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3.8. Threshold Voltage vs. Refresh/Radiation Cycles Measurements

Figure 10a shows the endurance characteristics of the MAHAOS device before gamma irradiation.
The upper curve is the programmed MAHAOS device before gamma irradiation and the lower curve
represents the erased MAHAOS device before gamma irradiation. It is noted that the V is quite stable
without change for 100 endurance cycles for MAHAOS device. As shown in the figure, the change of
V7 is not significant before 1000 endurance cycles and its change becomes significant after 1000
endurance cycles. It also shows that the MAHAOS device is still functional even after 100,000

endurance cycles before radiation.

Figure 10. (a) Endurance characteristics of the MAHAOS sensor before gamma irradiation;
(b) The 5 Mrad-irradiation/refresh cycle characteristics of the MAHAOS sensor.
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Figure 10. Cont.
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Figure 10b illustrates the irradiation/refresh cycle characteristics of the MAHAOS device under
high dosage of gamma irradiation conditions. There are two steps in each irradiation/refresh cycle; the
first step is to expose the pre-programmed MAHAOS device under 5 Mrad TID gamma irradiation
(irradiation step) and the second step is to program the MAHAOS device by the same fixed voltage on
control gate (refresh step) in each cycle. The upper curve is V7 for the MAHAOS device under refresh
step during each cycle and the lower curve represents the Vy of the MAHAOS device in
irradiation step during each cycle. As shown in the figure, the change of Vr is not significant
before 100 irradiation/refresh cycles, but the change of Vi becomes more dramatically after
100 irradiation/refresh cycles. However, the radiation/refresh cycle characteristics of the MAHAOS

device show better performance under low dosage of gamma irradiation conditions.
4. Conclusions

(1) As shown in the discussed experimental data, the negative shift of Vr for the programmed
MAHAOS device under gamma radiation is very significant. The radiation-induced shifts in
the irradiated MAHAOS device are a combination of two effects; the first effect is a result from
the loss of stored charge in the HfAIO trapping layer. The second effect is due to a build-up of
positive charge resulting from asymmetric trapping of electrons and holes in the trapping layer.
These two effects combined cause a large negative shift of V7 in the pre-programmed
MAHAOS under gamma radiation.

(2) As shown in the experimental results, the gamma irradiation causes a large decay of V7 for the
pre-programmed MAHAOS devices, while the gamma irradiation causes less shift of V7 in the
erased MAHAOS device. It is clearly observed in the experiment data that the effect of
radiation on Vr of the MAHAOS device depends on the initial magnitude of Vr and hence the
charge trapped in the HfAIO trapping layer prior to irradiation. So, the ionizing radiation effect
causes a large negative V7 shift on the pre- programmed and irradiated MAHAOS device.
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(3) The data of the pre-programmed and irradiated MAHAOS device written by 5 Mrad TID of
gamma irradiation was stable for a long time with data storage. For the high dose radiation
sensing application, the gate leakage current is the key issue could be improved by using this
new type MAHAOS device with high k stack gate dielectric. In summary, gamma radiation
sensing by the pre- programmed MAHAOS devices using high & gate dielectric technology,
which also is compatible with the high £ CMOS processing technology, for gamma irradiation
in this study has demonstrated promising potential to be used for ionizing radiation sensing
application in the future.

Acknowledgments

The authors would also like to thank National Nano Device Laboratories (NDL), National
Tsing Hua University (NTHU), and Nation Chiao Tung University (NCTU) to provide the instruments
for wafer fabrication and testing. This paper was funded in part by the National Science Council
(NSC) sponsor.

Author Contributions

The presented work is a product of the whole team. Wen-Ching Hsieh initiated the research idea
and performed all the experiments. Weh-Ching Hiseh, Hao-Tien Daniel Lee, and Fuh-Cheng Jong
worked together to analyze the experimental data and drafted the manuscripts for review.

Conflicts of Interest
The authors declare no conflicts of interest.
References

1. Perkins, C.W.; Aubuchon, K.G.; Dill, H.C. Radiation Effects in Modified Oxide Insulators.
IEEE Trans. Nucl. Sci. 1968, NS-15, 176—-181.

2. Watanabe, K.; Kato, M.; Okabe, T.; Nagata, M. Radiation Effects of Double Layer Dielectric Films.
IEEE Trans. Nucl. Sci. 1986, NS-33, 1216-1222.

3. Schmidt, P.F.; Rand, M.J.; Mitchell, J.P.; Ashner, J.D. Radiation-Insensitive Silicon Oxy-nitride
Films for Use in Silicon Devices. [EEE Trans. Nucl. Sci. 1969, NS-16,211-219.

4. Cricchi, J.R.; Barbe, D.F. Compensation of Radiation Effects by Charge Transport in
Metal-Nitride-Oxide-Semiconductor Structures. Appl. Phys. Lett. 1971, 19, 49-51.

5. Takahashi, Y.; Ohnishi, K.; Fujimaki, T.; Yoshikawa, M. Radiation-induced trapped charge in
metal-nitride-oxide semiconductor structure. /[EEE Trans. Nucl. Sci. 1999, 46, 1578—1585.

6. McWhorter, P.J.; Miller, S.L.; Dellin, T.A. Radiation response of SNOS nonvolatile transistors.
IEEFE Trans. Nucl. Sci. 1986, NS-33, 1414-1419.

7. Gasperin, A.; Ghidini, G.; Cester, A.; Paccagnella, A. Oxide-nitride-oxide capacitor reliability
under heavy-ion irradiation. /EEE Trans. Nucl. Sci. 2007, 54, 1898—-1905.

8. Draper, B.; Dockerty, R.; Shaneyfelt, M.; Habermehl, S.; Murray, J. Total dose radiation response
of NROM-style SOI non-volatile memory elements. /EEE Trans. Nucl. Sci. 2008, 55, 3202—-3205.



Sensors 2014, 14 14566

10.

11.

12.

13.

Qiao, F.Y.; Yu, X.; Pan, L.Y. TID characterization of 0.13 um SONOS cell in 4 Mb NOR Flash
memory. In Proceedings of the 19th IEEE International Symposium on the Physical and Failure
Analysis of Integrated Circuits (IPFA), Singapore, Singapore, 2—6 July 2012.

Maikap, S.; Lee, H.Y.; Wang, T.-Y.; Tzeng, P.-J.; Wang, C.C.; Lee, L.S.; Liu, K.C.; Yang, J.-R.;
Tsai, M.-J. Charge trapping characteristics of atomic-layer-deposited HfO, films with Al,O; as a
blocking oxide for high-density non-volatile memory device applications. Semicond. Sci. Technol.
2007, 22, 884-889.

Zhu, W.J.; Tamagawa, T.; Gibson, M.; Furukawa, T.; Ma, T.P. Effect of Al inclusion in HfO, on
the physical and electrical properties of the dielectrics. IEEE Electron Device Lett. 2002, 23,
649-651.

Tan, Y.N.; Chim, W.K.; Choi, W.K.; Joo, M.S.; Cho, B.J. Hafhium aluminum oxide as charge
storage and blocking-oxide layers in SONOS type nonvolatile memory for high-speed operation.
IEEE Trans. Electron Devices 2006, 53, 654—662.

Tsai, P.-H.; Chang-Liao, K.S.; Liu, C.-Y.; Wang, T.-K.; Tzeng, P.J.; Lin, C.H. Novel
SONOS-Type Nonvolatile Memory Device with Optimal Al Doping in HfAIO Charge-Trapping
Layer. IEEE Electron Device Lett. 2008, 29, 265-268.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



