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 The titanium nitride–aluminum oxide–silicon nitride–silicon oxide–silicon devices with a 
high-k aluminum oxide as a charge-blocking layer (TANOS) could be candidates for nonvolatile 
total ionization dose (TID) radiation sensors.  Gamma radiation induces a significant decrease in 
the threshold voltage VT of TANOS and the radiation-induced VT decrease of TANOS is nearly 
1.5 times that on a standard titanium nitride–silicon oxide–silicon nitride–silicon oxide–silicon 
(TONOS) device after 10 Mrad TID gamma irradiation.  The change in VT of TANOS after 
gamma irradiation also has a strong correlation to the TID up to 10 Mrad gamma irradiation.  The 
VT retention characteristics of TANOS devices can be improved before gamma irradiation and 
after 10 Mrad gamma irradiation.  Moreover, the VT retention characteristics of TANOS devices 
can be markedly improved and are nearly 10% better than those of standard TONOS devices after 
10 Mrad gamma irradiation.  Therefore, the TANOS device in this study has demonstrated the 
possibility of its use for high response and good TID data retention for nonvolatile TID radiation 
sensing.

1. Introduction

 In various ionizing radiation applications such as space radiation monitoring and advanced 
semiconductor manufacturing processes with X-ray lithography, the measurement of total ionizing 
dose (TID) is a major concern.  The commonly used dosimeters are ionization chambers and 
thermoluminescent dosimeters (TLDs).  Semiconductor dosimeters offer many advantages over 
these traditional dosimeters, and their sensitivity can be very high in a small constrained space.  A 
silicon–silicon dioxide–silicon nitride–silicon dioxide–silicon (SONOS) device has been shown 
to be suitable for nonvolatile, high TID radiation sensor applications.(1–10)  The ionizing radiation 
induces a significant shift in the threshold voltage VT of the SONOS device, and the VT shift 
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has a strong correlation to TID up to 10 Mrad gamma irradiation.  Moreover, the VT retention 
characteristics of this nonvolatile SONOS device were good even after 10 years of retention.(1–10)  
However, a SONOS-type flash device with a high-k aluminum oxide (Al2O3) dielectric as the 
blocking layer has been found to provided faster W/E speed , lower gate leakage current, and 
longer data retention time.(11–13)  The comparison of electrical performance between the titanium 
nitride–aluminum oxide–silicon nitride–silicon oxide–silicon (TANOS) and titanium nitride–
silicon oxide–silicon nitride–silicon oxide–silicon (TONOS) devices after gamma irradiation, 
including radiation-induced charge density, gate leakage current, and charge retention reliability, 
were the main subjects of this study.  From our experimental data, the radiation–induced charging 
effect and charge-retention reliability of a TANOS device was significantly better than that of a 
TONOS device. Therefore, a TANOS device was proposed to be more suitable for nonvolatile, 
high-TID radiation sensor applications.
 
2. Experimental Details

 Six kinds of TONO devices prepared with different blocking layers for this experiment were 
compared, as indicated in Table 1: (1) TONOS using 100 Å SiO2 as blocking layers (TO1NOS), 
(2) TANOS using 100 Å Al2O3 as blocking layers (TA1NOS), (3) TONOS using 200 Å SiO2 as 
blocking layers (TO2NOS), (4) TANOS using 200 Å Al2O3 as blocking layers (hereafter TA2NOS), (5) 
TONOS using 300 Å SiO2 as blocking layers (TO3NOS), and (6) TANOS using 300 Å Al2O3 
as blocking layers (TA3NOS).  All six TONOS devices in Table 1 were fabricated on p-type Si 
substrates.  The thermal silicon oxide (SiO2) was formed on the wafers as the tunneling oxide of 
all six TONOS devices (indicated in Table 1)using an ASM A-400 advanced clustered vertical 
furnace.  After the tunneling oxide was formed, silicon nitride (nitride) (Si3N4) was deposited 
as the charge-trapping layer on the six TONOS devices by SVCS low-pressure chemical vapor 
deposition (LPCVD).  The blocking SiO2 was deposited by LPCVD using tetraethyloxysilane (TEOS) 
[Si(OC2H5)4] for the TONOS devices, and the blocking Al2O3 was formed by AIXTRON Tricent 
800016 metal-organic chemical vapor deposition (MOCVD) at 450–550 °C for the TANOS devices.  
The control gate was formed of TiN metal using a ULVAC SBH-3308RDE DC sputtering machine.  
After gate patterning, the source and drain were formed by implantation of arsenic atoms and then 
activated at 900 °C for 30 s.  For comparison, all devices listed in Table 1 had the same thicknesses 
of the tunneling oxide (30–70 Å SiO2), trapping nitride (200–300 Å Si3N4), and metal gate (2000–4000 
Å TiN).  Figures 1(a) and 1(b) show the cross-sectional views of TONOS and TANOS devices, 
respectively. 
 For gamma TID data writing, 60Co gamma radiation was irradiated onto all six TONOS devices 
at a negative gate bias stress (NVS) (VG = −4 V).  For the gamma TID data read, VT was measured 
at room temperature using an Agilent HP4156A parameter analyzer.  The experimental results 

Table 1 
Six kinds of TONOS devices.
Split TO1NOS TA1NOS TO2NOS TO2NOS TO3NOS TA3NOS
Charge-blocking layer SiO2 Al2O3 SiO2 Al2O3 SiO2 Al2O3
Blocking layer thickness 100 Å 100 Å 200 Å 200 Å 300 Å 300 Å
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of gate leakage current under various gate voltages (IG−VG) were obtained using a computer-
controlled Agilent HP4156 parameter analyzer.  Figure 2 shows the radiation induced charges 
generated and trapped in the six kinds of TONOS devices indicated in Table 1.  In Figs. 3(a) and 
3(b), the wafer layouts for a TANOS capacitor and TANOS MOS are shown.

(a) (b)

Fig. 1. (Color online) Cross-sectional views of (a) TONOS device and (b) TANOS device.

(a)

(e)

(c) (d)

(f)

(b)

Fig. 2. (Color online) Radiation-induced charge generation and trapping in six kinds of devices: (a) TO1NOS, (b) 
TA1NOS, (c) TO2NOS, (d) TA2NOS, (e) TO3NOS, and (f) TA3NOS.
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3.  Results and Discussion

3.1  Radiation-induced VT shift in TANOS after gamma irradiation 

 Figure 4(a) shows the shift of the ID–VG curve for a TA3NOS device with NVS (VG = −4 V) 
after 10 Mrad TID gamma irradiation.  The ID–VG curve of TA3NOS shifted far to the left after 
10 Mrad TID gamma irradiation.  This indicates that gamma irradiation induces a large negative 
VT shift in TA3NOS.  The change is due to an large increase in net positive trapped charges in the 
aluminum oxide–silicon nitride–silicon oxide (ANO) gate dielectric layer after gamma irradiation.  
This negative VT shift is in agreement with previous studies.(1–10)  These radiation-induced negative 
VT shifts in the irradiated TA3NOS device result from two effects. The first effect results from the 
loss of stored negative charge in the TA3NOS trapping layer after radiation.  The second effect is 
due to a build up of positive charge resulting from asymmetric trapping of electrons and holes in 
the TA3NOS trapping layer after radiation.(1–10)

 In Fig. 4(b), the decay of VT for the TA3NOS device is plotted against the TID of gamma 
irradiation.  The decrease in VT of TA3NOS can be correlated to the increase in gamma TID.  
The decay of VT increased more sharply after gamma irradiation levels up to 100 krad TID.  The 
experimental results in this study are in agreement with previous studies.(1–10) 
 The radiation-induced VT change and the relative radiation-induced charge density comparisons 
after 10 Mrad TID gamma irradiation for the six TONOS devices listed in Table 1 are illustrated 
in Figs. 5(a) and 5(b).  The 10 Mrad radiation-induced VT shift of TA3NOS is more significant than 
that of TO3NOS, as shown in Fig. 5(a), which results from more radiation-induced charges in the 
300-Å-thick high-k Al2O3 blocking layer than in the 300-Å-thick traditional SiO2 blocking layer.  
Similarly, the TA2NOS and TA1NOS devices with 200 Å and 100 Å Al2O3 blocking layers all 
demonstrate higher degrees of VT shift than the TO2NOS and TO1NOS devices with 200 Å and 
100 Å SiO2 blocking layers.  The radiation-induced charge density in ANO of the TA3NOS device 
with the thick Al2O3 blocking layer increased and was nearly 1.7 times that of the TO1NOS device 
with the thin SiO2 blocking layer as illustrated in Fig. 5(b).  However, the radiation-induced charge 
density in ONO of the TO3NOS device with the thick SiO2 blocking layer decreased and was nearly 0.8 
times that of the traditional TO1NOS device with the thin SiO2 blocking layer.  The trapped charge 
density was calculated by the Terman method.(14)

 

(a) (b)

Fig. 3. (Color online) The wafer layouts of (a) TANOS capacitor and (b) TANOS MOS.
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3.2 Measurement of gate leakage current

 The gate leakage current vs gate voltage (IG–VG) curves before irradiation and after 10 Mrad 
TID irradiation were plotted.  As illustrated in Figs. 6(a) and 6(b), the gate leakage current of 
TA3NOS devices did not increase significantly after 10 Mrad TID gamma irradiation.  Therefore, 
gate leakage current is assumed to not be the main factor contributing to the VT shift of the 
TA3NOS device after 10 Mrad gamma irradiation.  The experimental results in this study are in 
agreement with those of previous studies.(1–10)

 Figures 7(a) and 7(b) show the gate leakage current under NVS (VG = −4 V) for the six TONOS 
devices listed in Table 1 before gamma irradiation and after 10 Mrad TID gamma irradiation, 
respectively.  The gate leakage current performance of TA3NOS is markedly improved over that of 
TO1NOS before gamma irradiation and after 10 Mrad TID gamma irradiation.  However, the gate 
leakage current performance of TO3NOS is not obviously improved before gamma irradiation and 
after 10 Mrad TID gamma irradiation compared with that of TO1NOS.  The experimental results 
in this study are in agreement with those of previous studies.(11–13)
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Fig. 4. (a) Shift of the ID–VG curve after 10 Mrad gamma irradiation for TA3NOS device.  (b) Dependence of VT 
decrease on gamma TID for TA3NOS device.
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Fig. 5. (Color online) (a) VT changes induced by 10 Mrad gamma irradiation for six TONOS devices.  (b) 
Relative charge density induced by 10 Mrad gamma irradiation for six TONOS devices.
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3.3 VT stability vs retention time

 Figures 8(a) and 8(b) show the VT decay vs time (hereafter VT–T) curve for an TA3NOS device 
under VG = −4 V before gamma irradiation and after 10 Mrad gamma irradiation.  The decrease in 
VT with time for the pre-irradiated TA3NOS device under VG = −4 V is a result of stored negative 
charges tunneling out of trapping nitride to the tunneling oxide, but the increase of VT with time 
for the postirradiated TA3NOS device under VG = −4 V is a result of radiation-induced positive 
charges tunneling out of the trapping nitride to the blocking layer.  The experimental results in 
this study are in agreement with those of previous studies.(1–10)  The predicted change in VT after 
10 years of retention was extrapolated from the experimental VT‒T curve obtained after 1 year of 
retention, as shown in Figs. 8(a) and 8(b).(1–10)

 Figures 9(a) and 9(b) show the VT change after 10 years of retention for six TONOS  devices 
under VG = −4 V before gamma irradiation and after 10 Mrad gamma irradiation.  All the VT 
changes for 10 years of retention were extrapolated from the experimental VT–T curve obtained 
after 1 year of retention for the six TONOS devices.(1–10)  The TANOS device with the high-k 
Al2O3 blocking layer showed better charge-retention reliability characteristics both before and after 
gamma irradiation than the traditional TONOS devices.  The experimental results in this study are 
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in agreement with those of previous studies.(11–13)  TA3NOS demonstrated marked improvement 
of the charge-retention reliability characteristics after 10 Mrad gamma irradiation compared with 
TA1NOS, TA2NOS, and TO3NOS devices, as shown in Fig. 9(b).  However, the charge-retention 
reliability characteristics of TO3NOS are not appreciably improved beyond those of TO2NOS and 
TO1NOS devices.  This result indicates that the thick high-k Al2O3 blocking layer of TA3NOS 
with large, deeper charge traps causes significant improvement in the charge-retention reliability 
characteristics compared with TO3NOS after 10 Mrad gamma irradiation under VG = −4 V.  

4. Conclusions

 As shown in the experimental data, the radiation-induced charging effect of the TA3NOS 
device with high radiation-induced positive charge in the thick, high-k Al2O3 blocking layer is 
nearly 2 times that of the TO1NOS device with a thin traditional SiO2 blocking layer after 10 
Mrad gamma irradiation.  The improvement in the radiation-induced charge retention reliability 
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characteristics of the TA3NOS device with large, deeper charge traps in the thick Al2O3 blocking  
is nearly 10% better than that of the TO1NOS device with thin blocking SiO2 after 10 Mrad gamma 
irradiation.  However, the radiation-induced charge density and charge retention characteristics of 
the TO3NOS device with a thick SiO2 blocking layer do not increase significantly compared with 
those of the TO1NOS device with a thin SiO2 blocking layer after 10 Mrad gamma irradiation.  The 
results obtained in this study demonstrated the feasibility of using a TA3NOS device for realizing 
high response and good TID information holding of nonvolatile radiation sensing up to 10 Mrad 
TID.  
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