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A Two-Dimensional Numerical Simulation of Oxide 
Charge Buildup in MOS Transistors Due to Radiation 

Vinita Vasudevan and 

Abstract- We have developed a time-dependent two-dimensi- 
onal simulator in order to simulate charge trapping in silicon 
dioxide due to radiation. The Poisson and continuity equations 
are solved both in the oxide and the semiconductor. In addition, 
in order to simulate charge trapping, trap rate equations using 
first-order trapping kinetics are solved in the oxide. This paper 
contains the numerical methods used in the simulation and results 
obtained using this simulator. One of the main results of this 
simulation is the presence of a lateral variation in the radiation- 
induced oxide charge in an MOS transistor irradiated with a 
drain bias. 

I. INTRODUCTION 

NE of the important total dose effects in metal-oxide- 0 semiconductor (MOS) transistors is the buildup of posi- 
tive charge in silicon dioxide which leads to long-term thresh- 
old voltage shifts. This charge buildup occurs due to the 
trapping of radiation-generated holes in deep traps near the 
interface. The amount of charge trapped is very sensitive to the 
bias conditions during irradiation and very often, a nonuniform 
charge develops in the gate oxide across the channel. This in 
turn affects the behavior of the MOS transistor. In order to 
understand the behavior of the MOS transistor after irradiation, 
this oxide charge must be known accurately. This is possible 
only if the Poisson and contintuity equations are solved 
both in the oxide and the semiconductor, along with the 
trap rate equations in the oxide. In previous simulations 
[1]-[3], the effect of radiation induced oxide charge is taken 
into account by assuming a laterally uniform charge at the 
interface. This is insufficient as the drain current is sensitive 
to the variations in the oxide charge. We have developed a 
complete two-dimensional time-dependent simulator in order 
to find the oxide charge under various bias conditions. The 
effect of this radiation-induced charge on the operation of the 
MOS transistor is studied. This paper contains the numerical 
methods used in our simulator and the results obtained using 
this simulator. 

11. EQUATIONS AND BOUNDARY CONDITIONS 

In order to obtain the trapped charge, the following equa- 
tions need to be solved. In the oxide, 
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In the above equations, 

Jp = 4PClpE - 4DP v P 
Jn = qnPnE + qDn v n 

are the electron and hole currents represented by the drift- 
diffusion model both in the oxide and the semiconductor. 
One-dimensional simulations show that it is sufficient to use 
the drift-diffusion model for both electron and hole currents 
in order to get the flatband voltage shifts at room temperature 
[4], even though it is known that holes move dispersively in 
Si02. The electron and hole mobilities in the oxide are taken 
to be 20 cm2/V-s and 

+, n, p ,  p t  and nt are the electrostatic potential, electron 
and hole densities and the trapped hole and electron densities, 
respectively. Ntp and Ntn are the hole and electron trap 
densities in the oxide. Experimentally it has been found that 
the hole traps are situated within 50-100 8, of the interface, 
with a peak trap density between 1018-1019/cm3 for dry 
oxides [ 5 ] .  We have assumed a gaussian distribution of hole 
traps, with a peak value between 1018-1019/cm3 and the 
centroid within 5&100 8, of the interface. The width of the 
gaussian distribution is taken to be between 50 8, and 100 
A. The exact values used are mentioned for each of the 
simulations performed. The hole trap density is assumed to 
be uniform in the lateral direction. Experiments show that 
electron traps are uniformly distributed with the trap density 
for dry oxides being about 1017/cm3, which is the value used 
in the simulations. Although the electron trap density is only an 
order of magnitude lower than the hole trap density, electron 
trapping does not usually result in any significant degradation 

cm2/V-s respectively [ 5 ] .  
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due to the large mobility of electrons. op and on are hole 
and electron capture cross-sections for capture by neutral traps 
which typically have a value of cm2. The hole capture 
cross-section is reported to have a much higher value in the 
literature and this discrepancy is discussed in greater detail 
in a previous paper [6]. gr  is the capture cross-section for 
recombination of electrons with trapped holes and is taken 
to be 10-15cm2, which is approximately the capture cross- 
section for capture of electrons by coulombic attractive traps. 
The measured value of the thermal activation energy of the 
hole traps is between 0.7-1.4 eV [5]. In our simulations, this 
energy variation has been neglected and both hole and electron 
traps are assumed to have an activation energy of 0.7 eV. This 
results in emission probabilities due to thermal detrapping of 
trapped holes and electrons, ep and e,, of about lO-'/s. It is 
to be noted that since we are interested only in the trapping 
characteristics, a different value for the emission time will 
merely change the saturation value of the threshold voltage 
shift. Its variation with dose, electric field etc. will not be 
affected. Also, detrapping by tunneling to silicon is neglected. 

G, is the generation rate of electron-hole pairs in the oxide 
which is obtained from the experimental value of the dose rate. 
Generation and recombination of carriers are neglected in the 
semiconductor. Although this will not give the correct carrier 
concentration in the semiconductor during irradiation, it will 
not affect the trapped charge in the oxide significantly since 
there is negligible injection of carriers from silicon into the 
oxide due to the large barrier height. 

Depending on whether the transistor is n- or p-channel, 
only the electron or hole continuity equation is solved in the 
semiconductor, but all the equations are solved in the oxide. 
This is reasonable as there is no significant hole current in 
an n-channel transistor and vice versa except for very short 
channel devices. Therefore, this model reduces essentially to 
a heterojunction with Si02 modelled as a wide band gap 
semiconductor. One-dimensional simulations show that this 
is a fairly accurate model [6]. The vacuum level is used to 
represent the electrostatic potential and the equilibrium fermi 
level is used as the reference. 

The structure used is a typical MOS structure as shown 
in Fig. 1, with field oxide included between the gate oxide 
and the source and drain contacts. The source, drain and 
substrate contacts are assumed to be ohmic contacts. At the 
gate contact CD also, ohmic boundary conditions were used, 
The gate contact is clearly not an ohmic contact, but this 
boundary condition can be used since we have neglected the 
thermionic injection current [7]. Along the artificial boundaries 
AB, EF, and the field oxide boundaries, it was assumed 
that the normal component of the current and the electric 
field is zero. At the Si-Si02 interface, Gauss's law was used 
directly. Current continuity and continuity of the quasi-fermi 
level [7] are assumed to be the interface conditions for the 
continuity equations. The former condition arises because we 
have assumed that there are no oxide traps at the interface. The 
interface states that are present can be assumed to charge up 
instantaneously in response to the effective gate bias (including 
the shift due to the bulk oxide charge). Once again the 
thermionic injection current across the interface is neglected. 
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Fig. 1. The MOS transistor structure used in the simulations. 

The gate boundary conditions and the interface conditions 
imply that the carrier concentrations are not accurate close to 
the two interfaces. Therefore the trapped charge within 20-30 
8, of the two interfaces is less than expected. (Our simulations 
show that quasi fermi level falls steeply within 20-30 8, of the 
interface.) But this will not create much of an error in the total 
trapped charge, since most of the deep hole traps are further 
away than 20 8, from the Si-Si02 interface, and the trapped 
charge within 20-30 8, of this interface is in practice annealed 
out by electrons tunneling into the oxide from silicon [5].  

The MINIMOS 4.0 mobility model was used for carrier 
mobilities in silicon [SI. This model includes mobility variation 
with doping density, surface scattering, gate field and velocity 
saturation. Radiation-induced mobility degradation has not 
been included, since most of this degradation arises due to 
the buildup of interface states, which has not been included 
because there is no well accepted physical model for interface- 
state generation in a radiation environment. However, the 
effect of interface states on the I-V characteristics can be 
simulated if the interface state distribution with energy is 
specified. 

111. METHOD OF SOLUTION 

The grid as well as the initial guess is obtained using 
the solution of the one-dimensional Poisson equation and 
the charge sheet model for the MOS transistor 191. The 
spatial discretization was done using the finite difference 
method with the Scharfetter-Gummel scheme used for the 
continuity equations and the time discretization using the 
second order Gear's method. Nonuniform time steps were 
obtained depending on the local truncation error [lo]. The 
coupled Newton method was used to solve the discretized 
nonlinear equations. 

Both direct (sparse LU decomposition with a dynamic 
minimum degree ordering [l 11) and iterative methods (based 
on the conjugate gradient algorithm) were tried out for the 
linear solvers. Since the Jacobian of the Poisson equation is 
symmetric and positive definite, the conjugate gradient method 
with an incomplete Cholesky preconditioner (ICCG) was used 
[12]. Since the Jacobian of the coupled equations does not 
have any special properties, the conjugate gradient squared 
method (CGS) method was used [13]. Both incomplete LU 
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(ILU) and a block incomplete LU (BILU) decompositions 
[14] were tried out as preconditioners. In addition, we have 
tried out the LU-GCR method [ 151 which has been previously 
used only in circuit simulation [16]. In this method, an LU 
decomposition is done for the steady state solution (or for the 
solutions at any particular time step). For all other Newton 
iterations, the generalized conjugate residual (GCR) method is 
used, with the most recent LU as the preconditioner. We have 
used it to solve the steady state equations, doing a complete 
LU until the error in the Newton iteration (measured relative 
to the value of the unknown) reduces to less than 0.1. In the 
subsequent Newton iterations, GCR was used with the last LU 
as the preconditioner and it typically converged in less than 
5 iterations. This method is especially useful in cases where 
the initial guess is not very good, in which case initially the 
direct method performs better than the iterative methods and 
later on as the solution is approached it is preferable to use 
iterative methods. Since GCR performs very well with an LU 
preconditioner, this method is able to combine the advantages 
of both. 

As mentioned previously, radiation incident on a biased 
device often results in a spatially nonuniform charge across the 
channel. Therefore, in order to calculate the threshold voltage 
(I+), simple analytic models based on a one-dimensional elec- 
tric field cannot be used and at least a two-dimensional Poisson 
equation must be solved. In order to obtain the threshold 
voltage shift as a function of the dose, typically the threshold 
voltage calculation has to be done several times during a 
simulation, which makes it unfeasible to solve the entire 
coupled set of equations to find the threshold. Instead, we have 
solved the one-dimensional continuity equation along with 
the two-dimensional Poisson equation using the Gummel's 
method. This gives a value of VT that is within 0.03 V of the 
value obtained using a full two-dimensional simulation and is 
very fast. In all our simulations a constant current threshold 
definition was used, i.e. the threshold voltage is taken to be the 
gate voltage at which the normalized drain current I o / (  W / L ) ,  
is 10-7A at an applied drain voltage of 0.25 V. 

Iv. RESULTS OF THE SIMULATION 

In the steady state the simulator was tested against MIN- 
IMOS 4.0. Fig. 2 shows a typical comparison of the output 
characteristics for an n-channel device from MINIMOS and 
our simulator (RADMOS). A comparison with MINIMOS of 
the subthreshold characteristics is shown in Fig. 3. There is 
still a slight difference in the two currents, and this is because 
we have not been able to get the exact values of the material 
parameters used in MINIMOS. 

Figs. 4 and 5 show the threshold voltage shifts obtained 
for a transistor irradiated under zero drain bias and different 
gate biases. Also shown in this figure are the flatband voltage 
shift with time obtained using a one-dimensional simulator and 
published experimental data [ 171, [ 181. Assuming no interface 
traps are generated, a good correlation is expected between 
the flatband shifts in an MOS capacitor and the threshold 
voltage shifts in an MOS transistor irradiated under zero 
drain bias. The comparison with experimental data is made 
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Fig. 2. A comparison of the output characteristics obtained from MINIMOS 
4.0 (*) and our simulator RADMOS ( 0 )  for an n-channel device (LEFF = 3 
pm). The data obtained using our simulator have been connected by straight 
lines for ease of visualization. 
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Fig. 3. A comparison of the subthreshold characteristics obtained from 
MINIMOS 4.0 (*) and our simulator RADMOS ( 0 )  for a p-channel device 
(LEFF = 1.5 jim) and ra-channel device (LEFF = 4 (im). 

by keeping all parameters fixed and varying only the peak 
value of the trap density until a reasonable comparison is 
obtained. From the figures, it is seen that the simulator is able 
to predict the shape of the curve very well. It is seen that the 
threshold shifts in the transistor (two-dimensional simulation) 
correlates well with the flatband shifts in the capacitor (one- 
dimensional simulation), the correlation being better at lower 
doses and higher values of the applied electric field. This is 
understandable since the two situations are similar until the 
field due to the trapped charge begins to dominate. 

Fig. 6 shows the flatband voltage shift at different points 
in the channel for n-channel transistors irradiated in the triode 
(V& = 2 V, VDS = 1 V) and saturation (VGS = 2 V, VDS = 5 
V) regions. This flatband shift is calculated by finding the 
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Fig. 4. A comparison of the threshold voltage shift in an MOS transistor 
(two-dimensional simulation) with the flatband voltage shift in an MOS 
capacitor (one-dimensional simulation) and with published experimental data 
[17]. The peak trap density used is101R/cm3, the width of the gaussian 
distribution is 60 A and the location of the centroid is at 50 A from the 
interface. The oxide thickness is 330 A.The values of the capture cross sections 
are mentioned in the text. 
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Fig. 5. A comparison of the threshold voltage shift in an MOS transistor 
(two-dimensional simulation) with the flatband voltage shift in an MOS 
capacitor (one dimensional simulation) and with published experimental data 
[18]. The peak trap density is101R/cm3, the width of the gaussian distribution 
is 60 A and the location of the centroid is at 53 A. The oxide thickness is 
503 A. The values of the capture cross-sections are mentioned in the text. 

centroid of the trapped charge along each vertical grid line. 
If irradiated in the triode region it is seen that the charge 
near the drain end of the channel is slightly larger than at the 
source end. This is understandable because, beyond a certain 
positive voltage, the flatband shift decreases slightly with an 
increasing oxide electric field [6] (essentially due to a decrease 
in the capture efficiency of the traps). As the electric field at 
the source end of the channel is larger, it contains a slightly 
smaller amount of positive charge. Normally, it is the energy 
barrier at the source that determines the threshold voltage and 
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Fig. 6. The flatband voltage shift across the channel for an nMOS transistor 
biased in the triode region (Total dose of 1 M rad(Si)) and the saturation 
region (Total dose of 200 k rad(Si)) during irradiation. The effective channel 
length is 3 pm and the dose rate used was 100 rads (Si)/s. The oxide thickness 
is 500 A. The peak trap density is 5 x 10"/cm3, the width of the gaussian 
distribution is 50 A and the location of the centroid is at 100 A. The values 
of the capture cross sections are mentioned in the text. 

hence the drain current in the device. However, in this case 
the threshold voltage at the drain end is lower than at the 
source end and the drain region will therefore get inverted at 
a lower gate voltage. Therefore, by the time the source gets 
inverted, there is already a lot of inversion layer charge near 
the drain end, leading to currents that are larger than expected 
from the threshold voltage shift (AV,). This can be seen more 
clearly from curves (a) of Fig. 7, which shows the inversion 
layer charge for two cases. The dashed line is the inversion 
charge for an MOS transistor that contains a laterally uniform 
fixed oxide charge that will give rise to a threshold voltage 
approximately equal to the threshold voltage at the source after 
irradiation. The solid line is the inversion charge obtained after 
irradiation in the triode region. Both the curves are obtained 
at V& = 0 V and V ~ S  = 2 V. It is clearly seen that the 
inversion charge at the drain end is increased due to lower 
thresholds at the drain, thus giving rise to higher currents. Fig. 
8 shows the I-V characteristics of the device before and after 
irradiation, and it is seen that due to the nonunifomity in the 
lateral charge, the currents after irradiation are higher than 
expected from the threshold voltage shift. Since the difference 
in the threshold voltages at the two ends is not very large, the 
increase in current is not significant in the triode region, but is 
significant in the saturation region, when the inversion layer 
charge at the drain end is lower. As expected, the subthreshold 
characteristics show a parallel shift as seen in Fig. 9. 

As seen in Fig. 6, n-MOS transistors irradiated in saturation 
show a much larger nonuniformity in the oxide charge across 
the channel. Since the oxide fields near the drain end, close 
to the drain depletion region is negative (the field lines point 
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Fig. 7. The inversion charge along the interface for the transistors irradiated 
in the triode and saturation region. The dashed lines show the inversion charge 
in an MOS transistor that contains a laterally uniform fixed charge that results 
in a threshold voltage approximately equal to the threshold voltage at the 
source after irradiation. The solid line in (a) is the inversion charge obtained 
after irradiation in the triode region. Both the curves in (a) are obtained for 
VGS = 0 V and 165 = 2 V. The solid line in (b) is the charge obtained 
after irradiation in the saturation region. The two curves in (b) are obtained 
for 1C.s = -0.7 V, l / b ~  = 0.25 V. 
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Fig. 8. The output characteristics of an wchannel transistor before and after 
irradiation. The transistor was biased in the triode region during irradiation. 
The total threshold voltage shift due to radiation is 3 V. The peak trap density 
is 5 x 101*/cm3, the width of the gaussian distribution is 50 8, and the 
location of the centroid is at 100 A. The values of the capture cross sections 
are mentioned in the text. 

towards the gate), the amount of trapped charge is much lower 
near the drain (since the generated holes drift towards the gate 
and the hole traps are located near the interface). This gives 
rise to a higher threshold voltage at the drain end and at the 
gate voltage corresponding to V, at the source end, the drain 
does not get inverted at all, as seen in curves (b) of Fig. 7. 
Once again, the dashed line is the inversion charge in an MOS 
transistor that has laterally uniform oxide charge that gives rise 
to a threshold voltage that is equal to the threshold voltage at 

I I r r a d i a t e d  a i  

VGS' 2 v  , vas: 1 v  ----- 
e 

N m05 

Y P a i  --- vGs: 2 v  , VDS'5V 
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the source after irradiation. The solid line shows the inversion 
charge that is obtained after irradiation in the saturation region, 
and obviously the drain does not get inverted at all. A slightly 
larger gate voltage is needed to get significant current in the 
device. It can be seen from Fig. 9 that after irradiation, the 
subthreshold current increases significantly with the drain bias. 
This gives rise to a threshold voltage that depends on the drain 
bias during measurement as shown in Fig. 10. As seen from the 
figure, the threshold voltage decreases with an increasing drain 
bias and approaches the threshold voltage at the source end at 
larger drain voltages. This can be explained as follows. Over 
most of the channel, the oxide field is largely due to the gate 
voltage. Very near the drain junction however, the oxide field is 
determined both by the drain and the gate voltages. This gives 
rise to a more or less uniform buildup of charge over a large 
portion of the channel and a steep nonuniformity in the charge 
very near the drain junction, as seen in Fig. 6, which shows 
the resulting flatband shift. At large drain biases, this high- 
threshold region near the drain is completely covered by the 
drain depletion region and hence it does not affect the threshold 
voltage of the device, which is then determined by the source 
threshold. However, at low drain biases the drain depletion 
region does not cover the high-threshold region completely and 
consequently a portion of the channel does not get inverted at 
the gate voltage corresponding to the threshold at the source. 
This gives rise to a higher threshold voltage for the device if 
measured at low drain biases. 

Since the extent of the high-threshold region near the drain 
depends on the drain depletion width during irradiation, it will 
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Fig. IO. The threshold voltage variation with the drain voltage during 
measurement for the 3 p m  wchannel transistor irradiated in the saturation 
region. The peak trap density is 5 x 101*/cm3, the width of the gaussian 
distribution is 50 Aand the location of the centroid is at 100 A. The values 
of the capture cross sections are mentioned in the text. 

vary with the applied gate and drain voltage during irradiation. 
A higher gate voltage during irradiation will therefore result 
in a lower nonuniformity in the charge. This in turn would 
lead to a smaller variation in VT with the drain bias during 
measurement as seen in Fig. 1 1 .  Also, with an increase in the 
total dose, the nonuniformity in the charge increases, resulting 
in a larger V, variation with the drain bias during measurement 
as shown in Fig. 11. 

Fig. 12 shows the output characteristics of the n-channel 
device before and after irradiation in the saturation region. 
From the figure, it can be seen that there is a significant 
difference in the currents before and after irradiation at the 
same VGS - V,. Also it becomes more difficult to drive the 
device into saturation after irradiation. This is because as the 
pinch-off region goes further into the channel, the edge of the 
channel sees an increasing gate voltage due to an increasing 
amount of positive charge in the oxide (as seen from Fig. 6) ,  
resulting in an increasing drain current. This is consistent with 
the fact that the threshold voltage decreases with the applied 
drain voltage during measurement. 

P-channel devices that are irradiated when biased in either 
the triode or saturation region, have a larger amount of positive 
charge near the drain end of the channel. This is because in 
a p-channel device, the oxide fields become more positive 
going towards the drain, irrespective of whether the transistor 
is biased in the triode or saturation region. Since the threshold 
voltage at the drain end is larger (i.e., more negative) than at 
the source end, the value of V, decreases (i.e., becomes less 
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Fig. 11. The threshold voltage variation with the drain voltage during 
measurement for different values of the total dose. This is for an nMOS 
transistor irradiated in the saturation region (\&s = 3 V, = 5 V). 
Also shown is the threshold variation for the transistor irradiated deeper in 
the saturation region (Vc;;rcs = 2 V, LDs = 5 V), for a total dose of 277 
k rad(Si). The effective channel length is 1.5 pm. The peak trap density 
is 5 x 10180/cm3, the width of the gaussian distribution is 50 A and the 
location of the centroid is at 100 A. The values of the capture cross-sections 
are mentioned in the text. 
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Fig. 12. The output characteristics of an ?,-channel transistor ( L E ~ - F  = 3 
Itm), before and after irradiation. The transistor was biased in the saturation 
region during irradiation. The total threshold voltage shift due to radiation 
is 1 V.  The peak trap density is 5 x 101'/cm3, the width of the gaussian 
distribution is 50 8, and the location of the centroid is at 100 A. The values 
of the capture cross sections are mentioned in the text. 

negative) with an increasing drain bias during measurement, 
the characteristics of this variation being similar to n-channel 
devices irradiated when biased in saturation. 

Preliminary measurements on irradiated CD 4007 pMOS 
transistors in our laboratory show that the threshold voltage 
after irradiation varies with the drain bias during measurement 
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Fig. 13. The threshold voltage variation with the drain voltage during 
measurement for irradiated CD 4007 p MOS transistors in the saturation region 
(I;;, = - 2  V, \bs = -5 V and \,, = -3  V, 1b.: = -5 V) and triode 
region (\ti> = -1 V, \ b s  = -1 V) at different values of the total dose. 

[19]. This is shown in Fig. 13 for two transistors irradiated in 
the saturation region (VGS = -2 V and -3V, VDS = -5  V) 
and one in the triode region (VGS = -4 V, VDS = -1 V). 
It can be seen that the threshold voltage varies with the drain 
bias during measurement for transistors irradiated in the triode 
and saturation region, as expected. The amount of variation in 
the threshold voltage decreases with an increasing gate bias 
during irradiation in saturation region. It also increases with 
increasing dose, as expected from the simulations. However, 
the transistor irradiated in the triode region shows a variation in 
V, that is larger than expected, which could be due to interface 
state generation. Exact comparisons are not possible as the 
doping profile, oxide thickness etc. are not known exactly and 
also because all of these transistors also showed some amount 
of interface state generation. 

v. CONCLUSION 

We have, for the first time, developed a two-dimensional 
time-dependent simulator that solves all the equations in both 
the oxide and the semiconductor. Simulations were performed 
to obtain the oxide charge due to radiation under various bias 
conditions. When no drain bias is applied during irradiation, 
the results compare well with experiment. However a good 
correlation with flatband shifts in capacitors is obtained only 
for low total doses and large values of the applied gate bias 
during irradiation. A drain bias during irradiation results in a 
nonuniform charge buildup across the channel and this results 
in a threshold voltage after irradiation, that depends on the 
drain bias during measurement. This is also seen in transistors 
subject to hot carrier degradation [20]. Measurements of 
the oxide charge and interface states close to the source 
and drain depletion regions have been made in transistors 

irradiated both with and without drain biases [21]-[22]. In 
both cases, a nonuniformity in the charge has been observed 
arising due to a varying electric field in this region. However 
exact comparisons would require reasonably accurate dop- 
ing profiles near the source and drain junctions which are 
not available. Also, preliminary data on irradiated CD4007 
PMOS transistors showed some of the trends predicted by the 
simulator. 

REFERENCES 

[ I ]  C. L. Wilson and J. L. Blue, “Two dimensional modeling of radiation 
effects in short channel MOSFET’s.” IEEE Trans. Nuc/. Sci., vol. NS-3 I ,  
pp. 1676, 1982. 

121 C. R. Wilson and J. L. Blue. “Two-dimensional modeling of n-channel . _  
MOSFET’s including radiation induced interface and oxide charge,” 
IEEE Trans. Nucl. Sci., vol. NS-31, pp. 1448, 1984. 

[ 3 ]  R. Rios, R. K. Smeltzer, R. Amantea, and R. Rothwarf, “A three 
dimensional device simulator for radiation hard MOS-SOS transistors,” 
Solid Stare Electron., vol. 34, pp. 853, 1991. 

[4] V. Vasudevan and J .  Vasi, “A simulation of the multiple trapping model 
for CTRW transport,” J .  App/. Phys., vol. 74, p. 3224, 1993.. 

[5]  F. B. Mclean, H. E. Boesch Jr., and T. R. Oldham. “Electron-hole 
generation, transport, and trapping in Si02 ,” in Ionising Radiarion 
Effects in MOS Devices and Circuits, T. P. Ma and P. V. Dressendorfer, 
eds. 

(61 V. Vasudevan and J. Vasi, “A Numerical Simulation of Hole and 
Electron Trapping in Silicon dioxide due to Radiation,” J .  Appl. Phys., 
vol. 70, p. 4490, 1991. 

171 H. K. Henisch, Metal-Semiconductor Contacts-An Approach to Ideas 
and Models. 

(81 S. Selberherr, W. Hansch, M. Seavey, and J .  Slotboom, “The evolution 
of the MINIMOS mobility model,” Solid State Electron., vol. 30, p. 
1425, 1990. 

[9] J. R. Brews, “Physics of the MOS transistor,” in Silicon Integrafed 
Circuits Parr A,D. Kahng, ed., Applied Solid-State Science Series. 
New York: Academic, 1981, chap. 1. 

(10) H. Schichman, “Integration system of a nonlinear network analysis 
program,” lEEE Trans. Cir. Theory, vol. CT-17, p. 387, 1970. 

[ I  I ]  K. S. Kundert. “Sparse matrix techniques,” in Circuir Analysis, 
Simulation and Design, Parr I ,  A. E. Ruehli, Ed. Amsterdam: 
North-Holland, 1986. 

[ 121 D. Kershaw, “The incomplete Cholesky-Conjugate Gradient method for 
the iterative solution of linear equations,” J .  Compuf. fhys., vol. 26, p. 
43, 1978. 

[ 131 C. den Heijer, “Preconditioned iterative methods for nonsymmetric 
linear systems,” in Proc. Int. Conf. Simulation of Semiconductor Devices 
and Processes. 

1141 S. J.  Polak, C. Den Heijer, W. H. A. Schilders, and P. Markowich, 
“Semiconductor device modeling from a numerical point of view,” Int. 
J .  Num.  Meth. Engg., vol. 24, p. 763, 1987. 

[ 151 C. A. Dasannacharya, “Numerical solution of the semiconductor equa- 
tions for the MOS transistor,” M. Tech thesis, IIT Bombay, 1992. 

(161 A. Yajima, F. Yamamoto, and I. Monoka, “Complete LU decomposition- 
conjugate residual method for large scale circuit simulation,” Int. S-ymp. 
Circuits and Syst., p. 619, 1988. 

1171 J. D. McBrayer, D. M. Fleetwood, R. A. Pastorek, and R. V. Jones, 
“Correlation of hot camier and radiation effects in MOS devices,” IEEE 
Trarzs. Nucl. Sci., vol. NS-32, p. 3935, 1985. 

[IS) P. S. Winokur, F. W. Sexton, J .  R. Schwank, D. M. Fleetwood, P. V. 
Dressendorfer, T. F. Wrobel, and D. C. Turpin, “Total-dose radiation and 
annealing studies: implications for hardness assurance testing,” lEEE 
Trans. Nud. Sl.i., vol. NS-33, p. 1343, 1986. 

1191 Prashant Shamarao and J.  Vasi, unpublished memo. 
[20] B. Doyle, M. Bourcerie, J .  Marchetaux, and A. Boudou, “Interface state 

creation and charge trapping in the medium-to-high gate voltage range 
( \ j / 2  2 1, 2 \ : I )  during hot-camer stressing of n-MOS transistors,” 
lEEE Trans. Elecrron Devices, vol. 31, p. 744, 1990. 

[21] W. Chen. A. Balasinski, and T. P. Ma, “Lateral distribution of radiation 
induced damage in MOSFET’s,” IEEE Trans. Nucl. Sci., vol. NS-38, p. 
1124, 1991. 

[22] Artur Balasinski and T. P. Ma, “Ionising radiation damage near CMOS 
transistor channel edges,” IEEE Trans. Nucl. Sei., vol. NS-39, p. 1998, 
1992. 

New York: Wiley Interscience, 1990, p. 87. 

Oxford, UK: Clarendon, 1957. 

Swansea, UK: Pineridge Press, p. 267, 1984. 

Authorized licensed use limited to: INDIAN INSTITUTE OF TECHNOLOGY BOMBAY. Downloaded on November 7, 2008 at 01:33 from IEEE Xplore.  Restrictions apply.



390 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 41, NO. 3, MARCH 1994 

Vinita Vasudevan received the B.Tech degree in 
engineering physics from the Indian Institute of 
Technology, Bombay, in 1986 and the M.S. degree 
in electrical engineering from Rensselaer Polytech- 
nic Institute, Troy, NY, in 1988. She received the 
Ph.D at the Indian Institute of Technology, Bombay, 
in 1993, working on the simulation of hot electron 
and radiation effects in MOS transistors. She is 
currently on the faculty of the Indian Institute of 
Technology, Madras. 

J. Vasi (M’74) received the B.Tech degree in elec- 
trical engineering from the Indian Institute of Tech- 
nology, Bombay in 1969, and the Ph.D degree 
in electrical engineering from the Johns Hopkins 
University, Baltimore, MD, in 1973. 

He has been on the faculty of the Johns Hop- 
kins University and Indian Institute of Technology, 
Delhi, and is currently Professor of Electrical En- 
gineering at the Indian Institute of Technology, 
Bombay. His research interests have included MOS 
physics and technology, MOS insulators, radiation 
effects in MOS devices, and process and device 
simulation. 

Authorized licensed use limited to: INDIAN INSTITUTE OF TECHNOLOGY BOMBAY. Downloaded on November 7, 2008 at 01:33 from IEEE Xplore.  Restrictions apply.


