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1Abstract – Radiation effects in thick isolation oxides of 

modern CMOS technologies are investigated using 

dedicated test structures designed using two 

commercial foundries. Shallow Trench Isolation and 

Pre-Metal Dielectric are studied using electrical 

measurements performed after X-ray irradiations and 

isochronal annealing cycles. This paper shows that 

trapping properties of such isolation oxides can 

strongly differ from those of traditional thermal oxides 

usually used to process the gate oxide of Metal Oxide 

Semiconductor Field Effect Transistors. Buildup and 

annealing of both radiation-induced oxide-trap charge 

and radiation-induced interface traps are discussed as 

a function of the oxide type, foundry and bias condition 

during irradiation. Radiation-induced interface traps 

in such isolation oxides are shown to anneal below 

100°C contrary to what is usually observed in thermal 

oxides. Implications for design hardening and radiation 

tests of CMOS Integrated Circuits are discussed. 

Keywords – Total Ionizing Dose (TID), CMOS, Shallow 

Trench Isolation (STI), Pre-Metal Dielectric (PMD), 

transistors, CMOS image sensors (CIS). 

I. INTRODUCTION

The generation of charges by ionizing radiations in CMOS 

materials may induce stable defects in dielectrics [1] used 

in the fabrication process. This phenomenon results in 

modifications of CMOS devices electrical characteristics, 

such as threshold voltage shifts in MOSFETs, or intense 

leakage currents. Since the number of defects generated in 

gate-oxide reduces with its thickness, this effect becomes 

negligible in modern Integrated Circuits (ICs). Total 

Ionizing Dose (TID) induced degradation of modern 

CMOS integrated circuits is thus now governed by field or 

isolation oxides such as Shallow Trench Isolation (STI) 

[2,3] or Pre-Metal Dielectric (PMD). They are deposited 

oxides contrary to the widely studied gate-oxide which is 

thermally grown. Unlike thermally grown oxides, few data 

are available on trapping properties and interface trap 

buildup rate of these deposited oxides456789[4-9]. Most studies 

on deposited oxides focus on electrical effects in ICs due 

to trapping in STIs 10111213[10-13]. A complete analysis of 

physical mechanisms occurring in deposited oxides - STI 

but also PMD [14] - under ionizing radiation and after 
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annealing remains needed. This will help foreseeing the 

behavior of future technologies designed for specific 

applications which are very sensitive to deposited oxide 

such as analog devices, bipolar technologies [15,16], 

DRAMs, or CMOS image sensors 171819[17-19]. In this paper, 

we investigate the defect density evolution of two types of 

thick deposited oxides submitted to Total Ionizing Dose 

(TID) using dedicated custom test structures processed in 

two deep submicron commercially available technologies. 

This paper is especially focused on the ionizing radiation 

behavior of grounded deposited oxides which play an 

important role in the radiation response of several CMOS 

ICs. For instance, in CMOS Image Sensors (CIS) the most 

sensitive node is the photodiode which is surrounded by a 

grounded deposited oxide (STI or PMD). However, it may 

also be critical in circuits where the leakage current of any 

PN junction in a CMOS ICs is an issue. So, knowing the 

behavior of thick isolation oxides grounded during 

irradiation will help one to improve hardening level of 

CMOS ICs. 

II. EXPERIMENTAL DETAILS

A. Test structures 

Specific devices were fabricated using two commercial 

bulk 0.18 µm processes. They consist in large NMOS 

transistors which gate oxide is made of either a STI (Fig. 

1.a) or a PMD (Fig. 1.b), both being deposited oxides. In 

the following, they are referred to as STIFET and 

PMDFET respectively. In both devices the Pwell-doped 

region is located under the thick “gate oxide” and between 

two Nwell-doped regions which act as source and drain. 

The gate is either made of standard polysilicon or of the 

first metal layer from the back end of line. The exact 

details of the process are not described in this paper. 

However, usual STI process flows involve a thin thermally 

grown liner followed by the STI deposition before 

planarization. The thermal liner is about 30 nm thick and 

the total STI stack thickness is about 400 nm [20]. The 

PMD follows several process steps after the STI creation: 

gate oxide growth, gate polysilicon deposition, gate 

lithography and Reactive Ion Etching (RIE) of the entire 

wafer before PMD deposition [20]. This way, the gate 

oxide is removed on the entire wafer, except under the gate 

electrode. There is no “high quality” oxide between the 

PMD, usually deposited in two steps, and the active 

silicon. The complete PMD-stack is about 550 nm-thick. 

Since we do not have the process details, it is hard to know 

whether or not a liner remains between the active silicon 

and the PMD. Figure 1 thus presents only schematic 

configuration of the designed custom test structures as 

accurately as possible. One should notice that the 

PMDFET has been designed only using one process. For 



the experiments, devices are mounted in standard dual in-

line packages. Variability issues are not discussed in the 

scope of this paper since only few test structures have been 

tested for this study.

B. Experiments 

Each test structure is irradiated at room temperature using 

10-keV X-rays. The dose rate is fixed at a constant value 

of 100 rad(SiO2)/s. The total dose is deposited in several 

irradiation steps to reach 100 krad(SiO2) at maximum. 

PMD PMD
Polysilicon gate

N well N well

Drain Source

P well

PMD (2 levels)

Metal1 layer

N well N well

Drain Source

P well

(a) STIFET

(b) PMDFET

P- epitaxial layer

P- epitaxial layer

Thermal liner

Deposited STI

N+ N+

N+N+

Figure 1: Schematic configuration of (a) the STIFET and (b) the 
PMDFET. 

Each total dose irradiation step is immediately followed by 

static electrical measurements performed using a HP 4145 

parametric analyzer. Only the gate terminal can be biased 

during the irradiation experiments, in order to apply a 

constant electric field across the oxide between the gate 

electrode and the silicon/oxide interface. All other 

electrodes (source, drain, pwell and substrate) are 

grounded. The gate is either grounded or biased to the 

nominal voltage of the technology to study the electric 

field dependence of the charge trapping properties of thick 

oxides under irradiation and get the worst irradiation 

configuration. The bias applied to the PMDFET gate is 

chosen to get the same electric field across the PMD than 

in the STI despite their different thicknesses. 

After the last x-ray irradiation, isochronal annealing 

experiments are performed to get insights on the fraction 

of charges that remain trapped in the oxide as a function of 

temperature. Temperature increases from room 

temperature to reach 250°C by steps of 25°C. The step 

duration is fixed at 30 min as proposed in [21]. Devices are 

grounded during each annealing step. I-V measurements 

are then performed after a short cooling obtained by 

injecting a gaz mixture involving nitrogen in our specific 

setup dedicated to annealing experiments to reach rapidly 

the room temperature after each 30 min temperature stress. 

Devices are always grounded during anneals. 

III. RESULTS AND DISCUSSION

A. Ionizing radiation effects in grounded  isolation oxides 

The PMDFET TID response is characterized in figure 2. 

The device is grounded during irradiation. Electrical 

characteristics exhibit a large negative voltage shift due to 

radiation-induced positive charge trapping in the gate 

oxide manufactured with a Pre-Metal Dielectric. Figure 2 

also highlights that the subthreshold slope does not 

significantly change with TID. This means that the 

interface traps formation is limited when the device is 

grounded during irradiation.
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Figure 2: Drain current vs gate voltage characteristics of the PMDFET 

from process A at several total dose steps from before irradiation (black 

squares) to 100 krad(SiO2) (red circles). Irradiation steps include pre-rad, 
10 k, 20 k, 30 k, 50 k, 70 k and 100 krad. Device was biased at 0V during 

irradiation.  

STIFETs electrical characteristics from process A and B 

are displayed in figure 3 for the exact same irradiation 

conditions and they strongly differ. The subthreshold slope 

is degraded in both STIFET characteristics revealing an 

interface trap buildup in addition to the positive charge 

trapping in the oxide. This is especially true for the 

STIFET from foundry B (Figure 3, bottom) for which the 

subthreshold slope is visually degraded. So, not only is the 

TID response of PMD different from the one of STI, but 

also the TID response of STI fabricated using two different 

processes. 
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Figure 3: Drain current vs gate voltage characteristics of STIFETs from 

two commercial foundries at several total dose steps from before 
irradiation (black squares) to 100 krad(SiO2) (red circles). Irradiation 

steps include pre-rad, 10 k, 20 k, 30 k, 50 k, 70 k and 100 krad. Devices 

were unbiased during irradiation. 



In the following, the charge separation technique [22] is 

used to estimate the contribution related to oxide-trapped 

charges �Vot compared to the one due to interface traps 

�VIT. Parameter variations are presented as a function of 

TID in figure 4.  
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Figure 4: Voltage shifts vs Total Ionizing Dose associated to oxide-trap 

charge �VOT and to interface traps �VIT for PMDFET (red circles) and 

STIFETs (black squares). Devices are grounded during irradiation.

Voltage shifts are extracted for devices grounded during 

irradiation for each device. Figure 4 confirms previous 

observations regarding figures 2 and 3. All oxides exhibit 

clear evidence of an oxide-trap charge buildup with TID as 

already observed in several thermal oxides [8]. They all 

show a large contribution of �VOT, differences in absolute 

values being due to deposition process parameters such as 

temperature, pressure and process type. 

On the other hand, the role of interface traps clearly differs 

from a deposited oxide to the other. Their contribution 

stays within measurement uncertainties for the PMDFET. 

An explanation may be that its gate is made of metal 

instead of polysilicon in the case of STIFET. The use of a 

metal gate processed with post-metal anneals in a variety 

of ambients has already shown that midgap interface trap 

density can be strongly reduced [23]. Moreover, variations 

in gate workfunctions (metal or polysilicon) and doping 

concentrations in the silicon may lead to slight electric 

field differences through the oxide. Hole transport in the 

PMDFET may thus be reduced, limiting interface traps 

formation at the PMD/silicon interface. 

Despite a “close-to-zero” electric field, even with a 

polysilicon gate, both STIFETs show large �VIT. Interface 

trap contribution in STIFET from process B (figure 4, 

open squares) reaches 15 V after 100 krad(SiO2) which is 

equivalent to the one of oxide-trap charge. 

In the STI process, a thermal oxide liner is grown before 

the STI deposition. This first liner is highly passivated 

with hydrogen. It may easily be depassivated under 

irradiation inducing the interface trap formation depicted 

in Figure 4. By contrast, the PMD is deposited without 

high quality dielectric liner as stated in II.A. The 

PMD/silicon interface is not passivated during the 

fabrication process and can thus not be depassivated under 

irradiation leading to strongly limited interface traps 

buildup. The TID response of deposited oxides used in 

modern CMOS technologies behave in a different manner 

than traditional thermal oxides. The process used to 

fabricate dielectrics (including liner layers in the case of 

STI), various annealing temperatures and doping appear to 

be key aspects in determining the trapping properties of 

such oxides. 

B. Effect of biasing on TID response of isolation oxides 

Voltage shifts due to oxide-trap charges and to interface 

traps are now displayed in Figure 5 and Figure 6. 

Parameter extractions from measurements obtained on 

gate-biased STIFETs from processes A and B are 

presented to discuss the effect of the electric field and to 

get the worst irradiation case. 
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Figure 5: Voltage shifts vs Total Ionizing Dose associated to oxide-trap 
charge �VOT for STIFET from process A (black squares) and process B 

(red circles). Devices are either grounded (filled symbols) or gate-biased 

(open symbols) during irradiation.

As intended, greater voltage shifts are achieved when 

devices are biased under irradiation in both processes. 

Biasing the gate with a positive bias induces electric field 

lines that start from the gate to reach the STI/active silicon 

interface. This enhances the separation of radiation 

generated electron-hole pairs and the transport of carriers 

escaping initial recombination in this area. Most oxide 

trapped charges are thus trapped close to the STI/silicon 

interface inducing a stronger voltage shift than when 

devices are grounded during irradiation. 
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The interface traps generation was also demonstrated to be 

a bias dependent mechanism [24,25] since it is mainly 

driven by the drift of hydrogen ions through the 

oxide/silicon interface [1,26]. However, Figure 6 shows 

clear discrepancies between the radiation response of the 

STIFET from process A (black squares) and process B 

(red circles). 

First, measurements presented in Figure 6 show that the 

buildup of interface traps remains limited in the STIFET 

fabricated using process A either grounded (filled black 

squares) or gate-biased (open black squares) during 

irradiation. The voltage shift due to interface traps reaches 

4.56 V for gate-biased devices during irradiation and 

4.11 V for grounded devices. The voltage shift due to 

interface traps is thus only enhanced by about 10 % when 

devices are gate-biased. This means that the bias applied to 

the gate does not play an important role in the radiation 

induced interface traps buildup at the STI/silicon interface 

of devices from process A. 

By contrast, measurements performed on STIFETs from 

process B (Figure 6, red circles) exhibit larger 

contributions of the interface traps �VIT than in STIFETs 

from process A, gate-biased (open red circles) or not 

(filled red circles) during irradiation. Results show a strong 

bias dependence of the interface traps buildup compared to 

what is observed on the STIFET from process A despite 

the same electric field applied across the STI in both cases. 

�VIT reaches 14.2 V for devices grounded during 

irradiation and more than 24 V for gate-biased devices 

during irradiation. This value is about five times higher 

than in STIFET from process A. Possible causes to explain 

these differences may be found in the STI stack 

composition. The liner, the nature and doping of the 

deposited oxide and the associated fabrication processes 

with their related thermal budgets each play an important 

role in the observed radiation responses. In process B, the 

STI/silicon interface seems easily depassivated by 

hydrogen ions which drift rapidly across the deposited 

oxide. Moreover, the liner between the active silicon and 

the deposited STI may be of a lower quality than the one 

fabricated using the process A. 

C. Contribution of oxide-trap charges 

Isochronal annealing is a convenient tool to separate 

contribution of trapped charges from the one related to 

interface traps. It is well established that in most cases, 

temperatures as high as 100°C are sufficient to enhance the 

annealing rate of trapped charges in thermally grown gate-

oxides, while it is not the case for interface traps [1]. 

Usually, after the typical one week annealing at 100°C 

used for space qualification, the radiation induced trapped 

positive charge disappears whereas the interface trap 

density reaches its maximum value. 

Figure 7 presents results of isochronal annealing 

performed on STIFETs from processes A and B irradiated 

at 100 krad(SiO2). Devices are grounded during anneals. 

Figure 7 displays the oxide-trap charge neutralization with 

increasing temperature. Two different kinetics of recovery 

are exhibited. 
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Figure 7: Evolution of oxide trapped charge density during isochronal 
annealing experiments (30 min isochronal annealing step duration).

STI from process A exhibits a smooth monotonic decrease 

which begins at 100°C (black squares). 40 % of radiation-

induced charges remain trapped in the oxide after 250°C 

annealing. Here, neutralization of oxide-trap charge varies 

only with temperature since devices are grounded during 

anneals. Thermal emission of electrons from the valence 

band [8] into a trap should thus be the dominant 

mechanism to explain the anneal process. Tunneling of 

electrons from silicon should not occur since this 

mechanism depends on the electric field and not on the 

temperature. So, increasing temperature allows 

neutralization of deeper traps in the oxide band gap. The 

smooth shape exhibited in figure 7 for the STI from 

process A suggests that the energy distribution of oxide 

traps is relatively spread out over the STI band gap. 

STI from process B behaves in a different way (figure 7, 

red circles). The shape reveal several steps at 50°C and 

150°C suggesting that the energy distribution of traps is 

not as continuously spread as in process A. Two or more 

energy levels that correspond to temperature steps 

exhibited in Figure 7 may be inferred from these data. The 

first one is neutralized at low temperature (between 25°C 

to 75°C) and should be very close to the oxide valence 

band. Other trap energy levels are located deeper in the 

oxide band gap since higher temperatures (100°C and 

150°C) are needed to anneal the related trapped charges. It 

must be noted that oxide trapped charge anneals at lower 

temperature than in the STI of Process A. This means that 

energy levels of traps are localized closer to the valence 

band than in the STI from Process A since a lower energy, 

i.e. temperature, is needed to neutralize the trapped 

charges. This characteristic highlights the different oxide 

nature between two STI processes of the same technology 

node but from two different foundries. 

D. Contribution of interface traps 

The same approach is now used to study the annealing 

characteristics of interface traps. In our N-type samples, 

interface traps located in the upper portion of the silicon 

bandgap are predominantly acceptors and thus negatively 

charged. 



It is commonly assumed in thermal oxides that interface 

traps do not anneal at room temperature and that the rate of 

interface traps buildup increases with temperature [8] (up 

to 125°C). Figure 8 clearly shows on devices from two 

foundries that interface traps anneal even for temperature 

ranges below 100°C contrary to what was expected in 

thermal oxides [27, 28]. 

Some examples of interface traps annealing in thermal 

oxides were already described in the literature293031[1, 29-31] 

but higher temperatures (more than 150°C) are normally 

required to observe significant interface trap annealing 

[21]. Fleetwood et al. [32] have shown such annealing 

with devices biased at 0 V, as already observed here. 

Furthermore, the post-irradiation recovery of bipolar 

transistors observed in [33] was also attributed to the 

annealing of interface traps. Results presented in [33] 

suggested that “it would appear that significantly more 

interface traps would appear in the base oxide of the 

lateral/substrate PNP input transistor would have to be 

annealed at 100°C, compared to what has typically been 

observed in high quality thermal oxide”. One explanation 

raised by the authors was that the thick oxide involved in 

this behavior is a deposited oxide and thus the annealing 

properties of such oxide could strongly differ from that of 

thermal oxides. This is clearly what is pointed out by 

annealing results presented in Figure 8 which were 

obtained on test structures dedicated to the study of such 

deposited oxides fabricated using two different sub-micron 

commercial CMOS processes. Here, both deposited oxides 

exhibit a minimum of 50 % recovery at 100°C, and less 

than 30 % of interface trap density remains after 125°C. 

This means that electrical characteristics almost retrieve 

their initial shape after the 125°C isochronal annealing as 

it is presented in I-V characteristics of Figure 9 on the 

STIFET of process B.  
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Figure 8: Evolution of interface trap density during isochronal annealing 

experiments (30 min isochronal annealing step duration).

After 250°C (black squares), interface traps are entirely 

annealed. The subthreshold slope then retrieves its initial 

value. Only the threshold voltage remains negatively 

shifted of few volts from its original value because of the 

25 % unannealed fraction of oxide-trap charge, as depicted 

in Figure 7 after 250°C.  

These results confirm the few results already published on 

the annealing behavior of radiation induced interface traps 

in STI [10,13,14]. It clearly shows that the conclusion 

drawn on the behavior of thermal oxides during thermal 

annealing can not directly be transposed to the annealing 

behavior analysis of modern CMOS ICs. 

The mechanism of annealing of interface traps is still a 

matter of debate like the one for their formation. The 

release and transport of hydrogen ions is in most cases 

pointed out [6] to explain the interface trap buildup by 

breaking Si-O or Si-OH bonds at the Si/oxide interface. 

However, interface trap annealing observed up to 250°C 

may also be due to hydrogen which moves toward the 

interface to re-passivate the radiation-induced interface 

traps. At this point, the mechanism for interface trap 

annealing is still an open question. 

E. Potential implications and design hardening 

For both oxides, the reported results may have potential 

implications for device hardening and hardness assurance 

for a wide range of electronic applications. In addition to 

the well know importance of STI in the radiation hardness 

of modern CMOS ICs, one can note many particular cases 

where PMD can be the main weakness when exposed to 

ionizing radiation like in CIS. Performances of CMOS ICs 

which radiation hardness can be limited by junction 

leakages (e.g. dark current in image sensors, retention time 

in DRAMs…) are most of time dependent on the behavior 

of isolation oxides and especially interface trap densities at 

STI interfaces. The reported results can help understanding 

the behavior of such devices in ionizing environment and 

can thus help improving the testing guidelines and 

mitigation techniques. 
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For example, knowing that interface traps anneal at low 

temperature can explain the good recovery usually 

reported for image sensors after a 100°C annealing 

[34,35,36] (whereas it would have been attributed to 

trapped charge annealing if the conclusions drawn on 

thermal oxides were directly transposed to analyze such 

devices). It was also suggested in [33] that the annealing of 

a significant amount of interface traps in the base oxide of 

the lateral/substrate PNP input transistor at 100 °C could 

explain the post-irradiation recovery of bipolar transistors 

for which the base oxide is made of a composite deposited 

dielectric. Our results agree with such hypothesis by 

demonstrating the low temperature annealing of interface 



traps using measurements performed on dedicated test 

structures. Then, such effect has to be taken into account to 

correctly define guidelines for radiation test of such ICs. 

The unnoticeable interface trap buildup in PMDFET 

fabricated using the process A can be used to harden 

critical junctions (e.g. photodiodes in image sensors, 

sampling capacitance in analog ICs or storage node in 

DRAMs), simply by isolating these junctions by PMD 

instead of STI. However, this specific property of process 

A should be checked in other technologies since both 

PMDFET and STIFET from process A seem less prone to 

interface formation than devices from process B. Finally, it 

could also explain why recessing the STI has been shown 

to improve radiation hardness of CMOS photodiodes [37]. 

V. CONCLUSION

This paper investigates the degradation of thick isolation 

oxides used in modern CMOS fabrication processes. This 

study focuses on Pre-Metal Dielectric and on Shallow 

Trench Isolation processed using two commercial 

technologies. Behaviors of PMD and STI under ionizing 

radiation strongly differ showing large variations of oxide-

trap and interface-trap buildup with or without electric 

field applied across the oxide. 

Measurements performed on custom test structures 

evidence a strong fabrication process dependence of the 

radiation response of deposited oxides as already observed 

on thermal oxides [21]. Results pointed out that the two 

STI oxides behave in a strongly different way. The buildup 

of interface traps especially exhibit two various behaviors, 

one being clearly driven by the electric field through the 

oxide (process B) compared to the other (process A). 

STI fabricated using two commercial processes are then 

investigated using isochronal annealing experiments. 

Oxide-trap charge neutralization shows a clear temperature 

dependence which involves thermal emission of electrons. 

The two STI oxides also differ in their annealing 

characteristics. The first one shows a smooth recovery of 

oxide-trap charges whereas the second exhibits a step by 

step mechanism. This means that energy distributions of 

oxide traps are either widely spread over the band gap for 

process A or more precisely located through distinct 

energy levels in process B. Furthermore, these data suggest 

that trapping levels are more deeply located in the bandgap 

of the STI from process A than in process B. This last 

fabrication process involves trapping levels closer to the 

valence band making easier the detrapping of radiation 

induced charges in the STI. Finally, experiments confirm 

the large interface trap annealing in both deposited oxides 

even for temperatures below 100°C which is not usually 

seen in thermal oxides. Almost all interface traps are 

annealed at 250°C for both fabrication processes of such 

deposited oxides. These results can have direct 

implications on radiation test guidelines and mitigation 

techniques of modern CMOS ICs which are limited by the 

degradation of STI and PMD oxides, especially for those 

where interface traps are involved like CIS or bipolar 

transistors. 

Additional irradiations and annealing experiments under 

various electric field conditions remain needed for future 

work to discuss in more details which physical 

mechanisms are involved in the trapping/detrapping 

properties of isolation oxides fabricated using commercial 

CMOS processes. 
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