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Long Term Effects of Charge Redistribution in
Cycled Bias Operating MOS Dosimeter

L. Sambuco Salomone, A. Holmes-Siedle, and A. Faigdn

Abstract— Techniques based on bias switching during the
irradiation allow to extend the measurement range of
MOS dosimeters. The response of the REM RFT300 RADFET
dosimeter during bias cycled measurements shows a slow shift of
the quasi-steady state threshold voltage value during radiation-
induced charge neutralization. This phenomenon was previously
explained as due to the presence of border traps. In this work,
a recently developed numerical model which included the main
physical processes leading to hole trapping and neutralization
in MOS oxides was used to reproduce this experiment. The
application of the model shows that the slow shift of the quasi-
steady state threshold voltage during neutralization stages is a
consequence of the spatial redistribution of trapped charge within
the oxide. The effect this phenomenon has on MOS dosimetry is
analyzed.

Index Terms—MOSFETSs, radiation effects, solid state
detectors.
I. INTRODUCTION
ETAL-oxide-semiconductor (MOS) dosimeters are

field effect transistors, generally p-channel type, where
shift in the threshold voltage (V;) is used to measure absorbed
dose. When the sensor is exposed to radiation, ionization
occurs within the gate oxide, and holes are likely to be
captured in oxide traps. This positive charge buildup (PCB)
is mainly responsible for the V; shifts.

One of the main drawbacks of MOS dosimetry is the
limited dose range of the sensors because of the saturation
of the threshold voltage shift. Some techniques were pro-
posed to extend the working life restoring V; to a prede-
fined value, either by high temperature annealing at 150 °C
for 100 hours [1] or Fowler-Nordheim injection of elec-
trons [2]. The measurement range of the dosimeters can
be extended through the bias controlled cycled measure-
ment (BCCM) technique [3], in which successive cycles
composed of stages of PCB and of radiation-induced charge
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neutralization (RICN) [4], allow to keep the threshold
voltage (V;) within a predefined window. It was reported
that BCCM technique also improves temperature-induced error
rejection [5].

Recently, the Fowler-Nordheim injection-based erasing and
the BCCM technique were both successfully applied to com-
mercial REM RFT300 RADFET dosimeters [6]. During suc-
cessive cycles of irradiation with Vg =9 V during PCB and
Ve = 0V during RICN, it was observed that the quasi-steady
state threshold voltage value at the end of RICN stages slowly
shifted towards more negative values as the cycles number
increases. This result was first attributed to the presence of
border traps, i.e. oxide traps close enough to the Si/SiOy
interface to make possible tunneling transitions between them
and the substrate within the time scale of the measurement [7].
However, a careful modeling of these results leads to a simple
and more plausible explanation.

Some heuristic rules were proposed by Fleetwood et al. [8],
to predict the response of the device after switching. In this
work, a recently developed physics-based numerical model [9]
is applied to the above mentioned experimental results. The
model deals with the transient problem by solving iteratively
the Poisson and continuity equations using known numerical
methods. Simulation results provide a physical explanation for
the slow steady state V; shift during RICN stages based on the
spatial charge redistribution. The effects the simulation results
have on MOS dosimetry are analyzed.

II. PHYSICS-BASED NUMERICAL MODEL
A. Theory

A brief description of the model is provided in this section.
For further details, the reader can consult [9].

When radiation interacts with a MOS device, electron-hole
pairs (ehp) are generated within the oxide. Only a fraction of
them escapes initial recombination. This fractional yield (Y)
is strongly dependent on electric field. For ®°Co irradiation,
Dozier expression is used [10].

The carriers escaping initial recombination flow is driven
by the electric field. Field dependent electron mobility is
included in the model through an expression that fits Hughes
experiments [11]. Holes move dispersively, but at room tem-
perature and usual dose levels, the intrinsic hole mobility can
be used [12].

Holes within the oxide can be captured by defects. When
an electron is close to a trapped hole, there is a probability of
neutralization. Both hole capture and neutralization are treated
as proportional to the free carrier density.
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The system of equations to be solved is the following,

dny dj
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d
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ny and py are the densities of free electrons and holes,
respectively. p; is the density of trapped holes, P; is the density
of traps which are considered to be uniformly distributed all
over the oxide. R. and R, are the trapping and neutralization
rates, respectively. The generation rate is Ry = goY D,, where

go = 8.1 x 10" cm™3Gy~! and D, is the dose rate. x is
referred to the Si/SiO; interface. F is the electric field, g is
the elementary charge and ¢, is the SiO, permitivity (3.9¢g).
The electron (j,) and hole (j,) fluxes are described by the
usual drift-diffusion model.

The V;-shift due to changes in the oxide charge is calculated
using,

I

AV, =—i/p, (tox — x)dx )
Eox 2

where f,, is the oxide thickness, and free carriers were
neglected due to their much lower concentrations relative to
the trapped charge.

B. Numerical Implementation

For the numerical simulation of equations (1) — (4),
time derivatives were replaced by discretized finite-difference
approximations, using the implicit Euler method. This leads
to a system of nonlinear equations, which was solved using
the full Newton method. In each time step, the iteration ends
when the residual of the nonlinear system is lower than a
chosen accuracy value. To reduce the condition number of
the Jacobian matrix, variables were scaled taking into account
the much different order of magnitude of electron and hole
mobilities.

For the spatial discretization, the symmetric Franceschetti
scheme [13] was implemented to reduce the number of
mesh points without compromising the accuracy (N = 60,
6 = 0.08). Figure 1 shows the mesh, with lines indicating the
limits between regions. In order to reduce the computational
time, an automatic time step control was employed, based on
the local truncation error (LTE).

To avoid numerical instabilities due to the coupling between
Poisson and continuity equations, the Scharfetter-Gummel
expressions were used to describe the electron and hole
fluxes [14]. These expressions were also used at both interfaces
as boundary conditions. This approach ensures a smooth
transition between low and high field conditions, keeping the
correct flux direction for both signs of electric field.

For numerical simulation, capture and neutralization rates
are considered fitting parameters for each applied bias.
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Fig. 1.  Spatial mesh used for simulations, according to the Franceschetti
scheme with parameters N = 60 and 6 = 0.08.
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Fig. 2.  Experimental (symbols) and simulated (lines) V; vs. dose curves
for 16 successive cycles of PCB at Vg =9 V and RICN at Vg =0 Von a
virgin device. R¢c = 10712 ¢m—3 during PCB stages and R¢c = 10~ ¢m—3
during RICN stages. Ry = 10=2 ecm™3 for all the simulation.

III. SIMULATION OF EXPERIMENTAL RESULTS

The REM RFT300 RADFET dosimeters were exposed to a
y -ray (%°Co) source with a high activity. All irradiations were
made at room temperature. The experimental details are in [6].

The following parameters were inputs for the model: The
SiO, thickness 7, = 300 nm, the workfunction of aluminium
gate @y = 4.2 eV, silicon electron affinity ys; = 4.05 eV.
Resistivity of the phosphorus doped silicon substrate pg; =
441 Qcm yields a doping concentration Ny = (1.2 £ 0.3) x
10" cm~3. Hole trap density is P, =3 x 10! cm™3.

The first experiment comprised sixteen successive cycles,
with a PCB stage with Vg = 9 V until V; reaches -25 V
when bias voltage switches to Vg = 0 V and the RICN
stage begins. V; rises until a maximum or a quasi-steady
value is reached and then switched again. Dose rate was
fixed at 6.1 Gy/s. Figure 2 shows V; vs. dose curve for this
measurement. A quite fair agreement was obtained with the
numerical model. Capture rate was Rc = 1072 cm™3 during
PCB stages and Rc = 107!'* cm™3 during RICN stages,
whereas neutralization rate was Ry = 102 ¢cm™3 for all the
simulation. The slight inaccuracy in fitting the first cycle was
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Fig. 3. Spatial distribution of trapped holes within the oxide for different

irradiation times (tsjy). The curves correspond to the first RICN stage at
Vi = 0 V. Bias switch occurs at tgjy, = 40 s.

attributed to our ignorance about the initial state of the oxide
charge. During PCB stages V; shifts to more negative values
with an approximately linear response, indicating that for
Ve = 9 V saturation occurs at much lower values than —25 V.
When bias switches to Vg = 0V, charge neutralization occurs,
leading to a V; recovery until the dynamics seems to saturate
and even turn-around. The same pattern is repeated in the
following cycles but the quasi-steady state V; value at the end
of each RICN stage shifts to more negative voltages. In the
original work, it was hypothesized that this was associated
with the presence of border traps. However, a simpler physical
explanation is provided by the model.

Figure 3 shows the spatial distribution of trapped holes for
different times during the first RICN stage. As shown, there
are two competing processes: holes trapped far away from the
Si/Si0; interface are neutralized by electrons while more holes
are trapped close to the interface. For short times after bias
switches to Vg = 0V, trapped holes neutralization dominates
the dynamic, while for long times hole trapping dominates.
The origin of this phenomenon is more clear in Fig. 4 when
the band diagram of the MOS structure immediately after the
switch to Vg = 0 V is depicted. As evidenced, a potential
well appears within the oxide. Therefore, electrons generated
all over the oxide come to the potential well maximizing
trapped holes neutralization. At the same time, the presence
of the potential well implies that all the holes generated in the
substrate side of the potential well are drifted to the Si/SiO;
interface as occurs during PCB stages. The resulting spatial
redistribution of trapped holes as shown in Fig. 3 gives an
explanation for the V; turn-around during a RICN stage.

Figure 5 shows the spatial distribution of electron potential
energy within the oxide at the beginning and at the end of
first PCB and RICN stages. As shown, hole trapping during
the PCB stage enhances the electric field close to the Si/SiO»
interface whereas it goes to zero far away from it. As bias is
switched to Vg = 0 V, the potential well is formed. During
RICN stage, trapped holes neutralization leads the potential
well to dissapear.
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Fig. 4. Band diagram of the MOS structure inmediately after the first bias
switch Vg =9V — 0 V.
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Fig. 5. Spatial distribution of electron potential energy within the oxide at
the beginning and at the end of first PCB and RICN stages.

The phenomenon above described also explains the quasi-
steady state V; shift, because once sufficient positive charge
was trapped, moderate RICN applied biases leaves the oxide
electric field close to the substrate in PCB condition contribut-
ing thus in both stages to increase the amount of positive
charge trapped close to this interface. Figure 6 shows the
spatial distribution of trapped holes at the end of different
PCB stages, confirming that holes trapped near the substrate
increases with the number of cycles. It is worth to mention
that, as the V; value at the end of PCB stages in Fig. 6 are
similar, the increase of trapped holes near the Si/SiO» interface
is compensated by a decrease of trapped holes far away from
this interface, as Fig. 6 clearly shows.

These processes show that the holes trapped near the
Si/Si0, interface appears as a permanent charge, because the
potential well after the bias switch warrants that they are non
reachable for free electrons, which are drifted away from both
interfaces. To neutralize this positive charge, a sufficiently
high negative voltage should be applied to the gate in order
to prevent the occurrence of the potential well. A simple
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Fig. 6. Spatial distribution of trapped holes within the oxide at the end of
different PCB stages at Vg = 9 V. The inset shows in detail the first 30 nm.
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Fig. 7. Experimental (symbols) and simulated (lines) AV; vs. dose curves for
BCCM measurements with different windows between —18 V and —21.5 V.
Bias voltages during PCB and RICN stages were 9 V and —2 V, respectively.

calculation shows that after the first PCB stage, a bias switch
to a voltage lower than Vg = —20 V is needed to get a
monotonic potential within the oxide from substrate to gate,
allowing generated electrons to come to the Si/SiO» interface.

The BCCM technique was simulated on the RADFET
dosimeter with Vg =9 V during PCB stage and Vg = -2 V
during RICN stage, and compared with experimental results in
different 0.5 V V,-windows in the range between V;, = —18 V
and V; = —21.5 V (Fig. 7). The model is able to reproduce
all the experimental data.

As said in [6], a fairly stable sensitivity during a BCCM
measurement is achieved after the device absorbed a high
dose level. Figure 8 shows the sensitivity as a function of
the V; value during RICN stages from Fig. 2 for different
accumulated doses. As evidenced, all the curves are shifted to
lower values of sensitivity as dose increases. In addition, the
curves show a linear slope for a wide range of V; values,
and these slopes seems to be very similar, which implies
that the decrease in the sensitivity could be interpreted as
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Fig. 8. Sensitivity as a function of V; value during RICN stages from Fig. 2
for different accumulated doses.
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Fig. 9. Simulated response of a RADFET dosimeter under BCCM from a
virgin condition with the same bias conditions as in Fig. 2 and a window
between V; = —23 V and V; = —23.5 V. The first cycles are shown at left,
whereas several cycles after a high accumulated dose are shown at right.

a displacement of the curve towards more negative values
following the evolution of the quasi-steady V; value. In order
to deepen this issue, the following simulation was performed:
a fresh dosimeter is irradiated with Vg = 9 V until the
threshold voltage is within the window from V; = —23 V
to V; = —23.5 V where a BCCM measurement is simulated
with the bias conditions (Vg =9 V for PCB and Vg =0V
for RICN) and the dose level of the experiment of Fig. 2.
It comprised about 600 cycles. Figure 9 shows the results
of this simulation for several cycles at the beginning (left)
and after a high accumulated dose (right). As evidenced, the
cycles at right last longer, mainly because of the increase in
the RICN stages length. The sensitivity for the PCB stages
remains almost constant at Spcp = 83 £ 2 mV/Gy, whereas
Sr1icn goes from 66 mV/Gy down to 9 mV/Gy, as shown in
Fig. 10. Also in Fig. 10, the RICN sensitivity at V; = =235V
for the curve in Fig. 2 is shown, which decreases slower than
that for Fig. 9. This can be explained taking into account
that during the BCCM simulation (Fig. 9), (i) the time the
device is in PCB mode is larger, and (ii) V; remains in
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Fig. 10.  Sensitivity evolution with dose for RICN at V; = —23.5 V.

Solid curve is from BCCM curve in Fig. 9, whereas circles are from Fig. 2
(thin red line is a guide to the eye).
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Fig. 11.  Spatial distribution of trapped holes within the oxide at the end
of PCB stages after different accumulated doses for the simulation shown
in Fig. 9.

a window where the RICN sensitivity is maximum. Both
facts accelerate the accumulation of trapped positive charge
close to the Si/SiO» interface, which leads to the change in
sensitivity. A RICN measurement at Vg = 0 V performed
after a higher accumulated dose of 77 kGy shows a sensitivity
Srrcn = 10 mV/Gy [6], consistent with the value predicted
by BCCM simulation for high accumulated doses.

To confirm the physical origin of the sensitivity variation,
Fig. 11 shows the spatial distribution of trapped holes at the
end of different PCB stages. The simulation shows the same
trend observed in Figs. 3 and 6, leading to the conclusion that
the spatial redistribution of trapped holes is the cause of the
sensitivity variation during RICN stages.

IV. DI1SCcUSSION AND CONCLUSIONS
A recently developed physics-based numerical model was
used to simulate the response of REM RFT300 RADFET
dosimeters during irradiations under successive cycles com-
prised of a positive charge buildup (PCB) stage followed
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by a radiation-induced charge neutralization (RICN) stage.
The experimentally observed slow quasi-steady state thresh-
old voltage shift after RICN stages was reproduced through
simulations, and this phenomenon was explained as a conse-
quence of trapped charge redistribution within the oxide with
a remainder accumulative positive charge close to the interface
after each RICN stage. For this to occur, hole traps shall
be widely distributed in the oxide, instead of being located
in a narrow region close to the Si/SiO; interface as usually
mentioned in the literature.

It is worthy to note that the same physical phenomenon was
observed in 70 nm MOS dosimeters [9]. It suggests this could
be a common feature during switched bias irradiations. Related
to this charge redistribution is the formation of a potential well
immediately after switching to RICN condition. This compels
to solve the transient problem instead of using models based
on simple analytic equations [15]-[16], or even considering
steady fluxes as is usually found in simulation conditions
where the transient calculation is unnecessary [17]-[18].

The implications of spatial charge redistribution on
BCCM-based MOS dosimetry were analyzed, showing that
RICN sensitivity could be affected. It was found from the
simulations that the change in sensitivity slows down and
seems to saturate after the device is irradiated at tens of kGy.
A pre-irradiation with a dose of this order of magnitude
would be thus necessary in order to take advantage of the
benefits of the BCCM technique. A similar procedure was
applied in experimental BCCM measurements performed on
different devices [3], in that case justified by the need to
saturate interface states generation. The conclusion seems to
be that both mechanisms which alter the sensitivity of the
BCCM technique on a fresh device, cease with a sufficient
pre-irradiation. More experimental results in these dosimeters
and in other commercial ones are needed to evaluate the actual
impact of charge redistribution on BCCM measurements.
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