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ABSTRACT 
The present state of art of this work is to study the electrical defects of the 

silicon- silicon dioxide interface created by gamma rays (Co60) in submicron MOS 
devices used in telecommunication systems. We focus our investigation on a 
particular class of trapped charge located near the interface characterized as the 
border traps. The expected physical location and chemical structure of the traps 
were discussed. The low frequency 1/f noise measurement is used in the estimation 
of border trap densities before and after irradiation; the results are reported for n-
MOS transistor exposed to doses (0.3, 0.5, 1and 10 Mrad). The border trap 
population in the irradiated samples increased from 7.6*1010 up to1.03*1011 eV-1 
Cm-2.  

I.INTRODUCTION 

Metal-oxide-silicon (MOS) devices are the base of any microprocessors or memory circuits and 
they become complex in nature, and have changed much during decades of device evolution. The 
effect of total ionizing dose radiation (TID) is to induce charge build-up in oxide and interfacial 
regions causing different defect centres in the form of charged points Known as Traps, which 
degrade the MOS-based microelectronics. Defects or trapping centers capture and remit electrons 
or holes with some delay, decreasing the detected signal or leading to an increase in leakage 
current. Many researches have been made in this field, the traps that reported are oxide traps, 
interface traps, and border traps [1- 2]. In our previous work we investigate the oxide traps and 
the interface trap through two popular techniques the capacitance-voltage and the charge pumping 
techniques [3, 4]. And in this study we use the low frequency measurement (1/f noise) as a 
technique to analyse the border traps and its behaviour under radiation with a calculations of the 
border trap densities. 

II.THEORETICAL ANALYSIS 
 

A. BORDER TRAP ILLUSTRATION 
 
Simply ionization takes place when an electron is excited from the valence band to the 
conduction band of a solid and by a number of ionizations the solid is made more conductive 
causing different traps to be introduced. Many evidences show that near interfacial a new sub 
class of traps with intermediate behavior between the oxide traps and the interface traps is 
generated and variously called border traps. First it was observed as hysterysis in the high 
frequency capacitance voltage experiment [5], and then it appears that they are responsible of the 
tunnelling current spikes in the MOSFETs [6].Simply we can identify the border traps as a 
switching oxide states with electrically active nature that exchange charge with the silicon 



substrate on time scales from milliseconds to hours depending on their energy level and the 
separation from the interface. So border traps do not cause permanent damage but it affects 
radiation response specially the annealing process, it can be annealed in a time scale of few 
milliseconds to several decades. The important characteristic of border traps is the switching 
behavior, which allows the trapped holes to trap and detrap electrons under alternating bias 
conditions. 
 
The physical structure of the defects have been studied by the Electron Spin Resonance (ESR), it 
is reported that fixed oxide charge and interface traps exist in the transition region [6], which is 
the active link between the amorphous oxide and the crystalline Silicon. The oxide traps presence 
is generally extend from 20 to 500 nm deep in the oxide side and the interface traps is located 
exactly on the Si/SiO2 interface. While the physical locations of the border traps is typically for 
several nanometres in thickness, helms show the border trap in his diagram (figure1) from 0.2 to 
5 nm away from the interface in the oxide side [7]. 
 

 
 

Figure 1 schematic illustration of traps in interfacial area by helms [7] 
 
B- FORMATION OF BORDER TRAPS 

 

During the last decade oxide thickness has been dramatically reduced down 
to a few nanometres. But as the gate-oxide thickness scales down, the 
uncertainty of the number of traps increase so the electrically measurable 
parameters of a MOSFET are no longer accurate due to the noise increased 
with technology scaling. The border trap concept can be sufficient to explain 

some of the noises results in MOSFET transistors, the 1/f   noise of the n-



channel MOSFET did not correlate with either interface or oxide trapped 

charge, but it can be explained only in terms of border traps and charge 
compensation [8]. In order to study the border traps formation a progress 
can be achieved by describe the microscopic atomic structure and the 
chemical nature of the defect. A border trap chemically generated from the 
reduction of SiO2 at the SiO2/Si interface:                                  

                                                         Si + SiO2  2 SiO                                       (1) 

Where the SiO is a volatile gas assumed to migrate away from the interface leaving behind 
oxygen deficiency or O- vacancy. With the help of atomic scale modelling tools evidences show 
that the SiO defect coordinates is a three-fold Si and one free flod [9]. It can be attached to either 
a silicon defect at the interface Si3 Si+; and known as the Pb centre, or with an oxide defect 
O3 Si; known as the Eγ centre. The Pb centre act as fast interface traps while the Eγ centres are 
believed to be the precursors to the border traps. According to the presented models till now, the 
switching behaviour of these near interface charged traps results from electron trapping and 
entrapping by the Eγ centres .Consequently the Eγ centres can be identified as oxygen vacancies 
but with a complex atomic structure that involve an unpaired electron at a three-fold coordinated 
tetrahedral silicon atom and a hole trapped at another Si atom .They act as fixed oxide traps if 
their location is deep in the bulk of SiO2, form 500 down to 5 nm far from the interface, and as 
border traps if they are near the interface within few nanometres. [7] 

C-MEASURING TECHNIQUES 
  
Many techniques are commonly used in order to electrically characterise the border traps at the 
interface and to prove that it is not available in the bulk of the oxide. But the biggest challenge is 
how to separate the different traps and calculate their densities independent on each other. A 
number of techniques have been developed in this field; the conductance technique developed by 
Nicollian and Goetzberger [10].The slow trap profiling which simultaneously measure slow trap 
densities and their time response over a range of gate voltages [11]. Actually the 1/f noise is a 
general purpose diagnosis tool especially for the submicron devices which is sensitive to the 
crystal purity, device quality and the actual operating environment. The low-frequency or 1/f 
noise is characterized by a power spectrum density, which varies according to the (1/f)α law with 
α = (0.7–1.2) for MOS devices [12]. The 1/f noise measurements have been firstly used by 
Scofield and his co-workers to characterize radiation damage in MOS devices; they suggest that 
1/f noise in MOS transistors can be correlated with oxide trapped charge not with interface 
trapped charge as expected [13].  Another correlation is suggested between the pre irradiation 
noise and the post irradiation charge trapping [14], this correlation assumed that oxygen vacancy 
can play a role in the process of exchange charge with substrate before it become a hole trap in 
the noise measurement but the specific mechanism has not been identified.  We use the 1/f noise 
together with the gamma radiation tool to explain this correlation and to confirm that both the 
noise and the border trap charge are influenced by the pre irradiation density of oxygen vacancies 
in the silicon dioxide insulating layer. 
 
The noise in general and its characteristics in the MOS transistor have been revealed through 
many theoretical and experimental studies, the dominant noise sources shown are: Thermal noise, 
shot noise, generation recombination noise, and low frequency noise they are. About the 1/f 
noise, it is inherent and cannot be avoided; devices can be designed in such a way that 1/f noise is 



reduced only not disappeared by changing the device parameters. Generally the 1/f noise in 
semiconductor devices is a surface phenomenon and directly related to the quality of the Si–SiO2 
interface.  The 1/f noise for non- irradiated MOS transistor identified by the Hooge’s empirical 
relation [12]: 
 
                            SNR / R2 = C/ f     = α H/ Nf                                          (2)  
 
Where SNR the signal to noise ratio, C dimensionless parameter, f the frequency, Nf the number 
of free electrons, R the equivalent resistance, αH the Hooge parameter (3x10-7< αH< 3x10-3)in 
semiconductors. 
 
Different models are proposed in this field either depending on the number fluctuation or on the 
mobility fluctuations, and some models explain the correlated nature between them according to 
the behavior of border traps. In fact both are responsible for trapping and de trapping of the 
channel carriers; the trapped charge plays a role of the free sites leading to the columbic 
scattering between the existing traps, so that number and the mobility of channel carriers fluctuate 
with time. In general the models that explain the 1/f noise in MOS transistors proposed that the 
fluctuation in the trapped charge which couples directly with the channel carriers through the 
mechanism of inversion layer charge density compensation; refers to the number fluctuation 
criteria. While the fluctuations in the trapped charge which couples with the channel carriers 
indirectly through fluctuations in the scattering behavior; refers to the mobility fluctuation 
criteria. Most of the models suggested that the noise of p-channel devices involve both number 
and mobility fluctuations while in n-channel devices the mobility fluctuation is neglected. 
Depending on one of the simplest trapping models applied to n-MOS transistor assumes that the 
distribution of traps is uniform in both space throughout the oxide and energy throughout the 
band gap; measurements confirmed that at room temperature the drain-voltage noise spectrum SVd 
varies inversely with (Vg-Vth)2 [13,14]. 
 
Sv ≅  Vd2 (Vg-Vth)-

 
2   f-1  K                                                                    (3) 

 
K ≅ {q2 kT (LW)-1 (t ox/∈ox) 2ln (t min/t max)} N bt                                                           (4) 
 
Where K is the normalized 1/f noise magnitude, f is the frequency, Vth is the threshold voltage, tox 
and ∈ox are the oxide-thickness and permittivity, respectively, q is the fundamental unit of charge, 
LW is the gate area, k is the Boltzmann constant, T is absolute temperature, Nbt is the number of 
border traps per unit energy per unit gate area, and tmin and tmax are minimum and maximum 
tunneling times associated with arbitrary tunneling distances assumed for the trap distribution. 

 
III. RESULTS AND DISCUSSION 

 
We have examined the 1/f noise of n- channel MOS transistors as a function of frequency (f), at 
room temperature (300 K), the gate-voltage (Vg) and the drain current (Id) biased with a constant 
values to force the devices to operate in the strong inversion in their linear regiones, the source 
and substrate were grounded and the fluctuations in the drain voltage were characterized on the 
frequencies range. The noise measurements were performed for frequency from 100 Hz to 1MHz, 
and the irradiated measurements done using the Co60 gamma source at the Egyptian Atomic 
Energy Authority (E.A.E.A), Electronic Lab NCRT-ARE-Cairo with dose rate 1.8 Rad/sec, with 
activity 2860 curie / December 1974 Co60. The test device is the enhanced n-MOSFET (Hitatchi 



1977). A semiconductor parameter analyzer (Agilent 4155B) is used for the generation of DC 
biases for the Device under Test (DUT) and for measurement of the device I–V characteristics 
before and after irradiation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 NMOSFET output characteristic pre- irradiation. 
 
Figure 2 shows the transistor characteristics curves initially before irradiation for different drain voltage. 
This I-V plots is used to estimate several physical parameters for the low-frequency noise modeling, we 
extracted from the measured I–V characteristics the threshold voltage, flat band voltage, the drain current in 
the linear and saturation regions and the net threshold shift at each irradiation dose. The DUT exposed to 
gradual doses 0.3, 0.5, 1 and 10 Mrad. With the help of the characteristics curves before irradiation 
(figure.2) and after dose of 1 Mrad, figure 3 is obtained. 
 
 
 
 

 
 

 
 
 
 
 

Figure 3 drain current vs. the gate voltage at drain bias = 5V before and after Co-60 irradiation at dose 1 Mrad. 
 
In figure 3 we monitor the effect of the gamma rays which considered as low Linear Energy Transfer 
(LET) radiation source. As a guide to the eye, the parallel curve that has been added to the pre-irradiation 
curve shown in figure 3 describes the charging effect after1 Mrad radiation, the shift seen is due to the net 
positive charge buildup in the gate insulator with the gradual ionizing doses. Figure 4 shows that for the 
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low doses the effective gate voltage is shifted with the dose increment almost in a linear way, this shift is 
controlled by the net additional charges due to the excess trapped charges in the gate oxide including the 
border traps, which is been captured near the interface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Threshold voltage shift of DUT (NMOSFET) as a function of the total ionizing dose (0.3, 0.5,1 Mrad). 

 
From figure 4 the relation for the DUT is almost linear, the threshold voltage shifted almost with 0.5 volts 
for the low doses and the device show no response after the high doses, it is very obvious that high doses of 
ionizing radiation (≥10 Mrad (SiO2)) represent high field stress that induce enhanced leakage current in the 
MOS gate oxide and some cases can lead to a device faultier or lead to gate rapture on the worst case. This 
fact correlate with the phenomenon of radiation induced leakage current (RILC) which is observed after 
irradiation with any LET radiation source and comes from a trap assisted tunneling of electrons with the 
neutral traps that produced by irradiation [15]. 
 
   The previous irradiated measured parameters as the doses and ∆Vth   are used to calculate the noise 
spectral density (Sv) as well as for the border trap density through the radiation process in order to use the 
low frequency noise to characterize the dependence of border trap density on the dose by using Equations 
2, 3.  Figure 5 is a plot of the pre-irradiation drain voltage noise power spectral density (SVd ) versus the 
Vd2/(Vg-Vth) 2  at constant frequency, it represents the change of the noise level against the change of the 
drain bias (Vd).  It is obvious from the curve that for a constant gate voltage, increasing the forward body 
bias causing arises in the noise level, as a result the number of carriers in the channel increases, and in other 
words we have carrier number fluctuations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Log-log plot of the. Noise power spectral density versus Vds2/ (Vgs-Vth) 2of the pre-irradiation n -channel Mos transistor. 
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Figure 5 is used to estimate the value of K (the normalized1/f noise magnitude) as found from the slope of 
data fitted in the figure. It is found from the slope calculation that for the DUT with silicon dioxide 
insulators K ≈ 2.5×10-12   V2, the data shown in this figure is a picture of the 1/f noise in these devices for 
the normal operation before irradiation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Dose dependence of the normalized 1/f noise magnitude through irradiation. 
 
In figure 6 the correlation between the normalized 1/f noise magnitude to the net radiation induced oxide 
charge trapping is very clear, as the dose increases the threshold voltage is shifted as well as the noise 
power spectral density is shifted too and the value of K is changed as a function of ∆Vth causing a change of 
carrier density in the channel. Experimental result from figures 5 and 6 show that the normalized 1/f noise 
level K, and the threshold voltage shift increase mainly in a linear way with radiation dose; that means the 
number of fluctuated charge increases with the radiation dose. We conclude that both before and after 
irradiation, 1/f noise is very sensitive to traps in the MOS oxide. The fact that 1/f noise increases with 
increasing oxide trap charge during irradiation process based on the capture and the emission of charge 
carriers by the O-vacancy related defects, which confirms the correlation between the pre-irradiation noise 
and the post-irradiation charge trapping. From this point we can calculate the border trap density against the 
irradiation dose which shown in figure 7. 
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Figure 7 border trap density for irradiated Mos transistor with gamma rays at dose rate rad/sec. 
 
From figure 7 the initial border trap population is 7.6*1010 ev-1 cm-2, it is increased with the dose and after a 
dose of 1 Mrad ;  it reaches the value of 1.03*1011  ev-1 cm-2. Figure 7 suggest that irradiation process feed 
the border trap with enough energy, which can help this trap to exchange charge with the Fermi level fast 



enough. We suggested that, the large densities of border traps associated with trapped holes in the irradiated 
devices may be due to high space charge induced electric fields near the Si/SiO2 interface. So we can 
conclude that border traps may reduce the electric fields by compensating the trapped positive charge at the 
interface, and this may provide a natural explanation for the large densities of border traps often observed in 
any irradiated or electrically stressed MOS devices. 
 

IV. CONCLUSION 
 

The results achieved in this paper by the border trap analysis for gamma irradiated MOS structure, already 
led to a better understanding of the mechanism responsible on the border trap creation at the silicon- silicon 
dioxide interface. A quantitative study is difficult because both effects of oxide and interface traps have an 
impact on the measured characteristics. But the low frequency 1/f noise technique proved to be a useful 
tool in the monitoring of border trap densities, and it’s trapping rates in the radiation environment. The 1/f 
noise increases with the dose increment during irradiation process showed in a noise power spectral density 
shift. The shift is related to a change in the charging rate of the Oxygen vacancy defects, which confirms 
the correlation between the pre-irradiation noise and the post-irradiation charge trapping.The irradiation 
behaviour of the 1/f noise generated in the n-MOS transistor shows that the border traps population 
depends directly on the net radiation induced trapped charge and any process improve the MOS device 
radiation hardness consequently increase the device noise immunity. However we can figure out that the 
silicon- silicon dioxide interface quality will be always the gate to improve the metal insulator 
semiconductor technologies.   
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