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Abstract— A new batch of microdosimeters has been exten-
sively studied for their charge collection efficiency (CCE) prop-
erties, as well as their radiation hardness for medical, space and
accident applications. Silicon-on-insulator (SOI) microdosimeters
with an active layer thickness of 10, 20, and 50 µm have been
investigated and were characterized with a 24 MeV carbon ion
beam as well as a Co-60 gamma source. A negative pulse was
observed in addition to the positive pulses generated within the
sensitive volumes (SVs) by incident ions which led to undesirable
low energy events in the SOI microdosimeters response. To study
this phenomenon, the microdosimeters were irradiated with
gamma radiation from a Co-60 source with a total dose of
3 and 10 Mrad(Si). It was determined that the negative pulse
was originating from the support wafer due to the displacement
current phenomenon. Irradiation with the Co-60 source led to
a disappearance of the negative pulse due to an increase in
recombination within the support wafer while almost no changes
in CCE were observed. A radiation hardness study was also
performed on the 50 µm SOI microdosimeter with 16 SVs
being irradiated with a fluence of ∼108 12C ions/cm2. A CCE
deficit of approximately 2% was observed at an operation bias
of 10 V within the SVs. The findings of this work demonstrate
that the SOI microdosimeters can be utilized in space and
medical applications as they can handle typical levels of dose
encountered in these applications. Additionally, evidence for SOI
microdosimeter fabrication standards in terms of support wafer
resistivity and buried oxide (BOX) thickness is shown.

Index Terms— Microdosimeter, radiation damage, radiation
hardness, silicon-on-insulator (SOI).

I. INTRODUCTION

S ILICON-ON-INSULATOR (SOI) microdosimetry has
become a valuable tool in particle therapy for relative
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biological effectiveness (RBE) prediction as well as dose
averaged linear energy transfer (LETD) verification [1]. It has
also been proven to be useful in shielding evaluation for
space travel when encountering radiation typical to galactic
cosmic rays (GCRs) [2]. SOI microdosimeters possess the
capability to measure a large range of LET(Si) thus making
it suitable for single event upset (SEU) prediction including
neutron fields in which the boron neutron capture (BNC)
reaction releases an alpha and lithium ion [3]. When these
applications are studied for extended periods of time with
single devices, the intense hadronic radiation field generally
leads to a degradation of the device through damage to
the bulk silicon as well as the field oxide above the SOI
active layer. Damage from hadronic interactions to the device
includes increased leakage current, a change in the resistivity
of the active layer as well as a decrease in charge collection
efficiency (CCE) [4], thus an understanding of the radiation
hardness of SOI microdosimeters is of great interest for a
wide range of applications including the medical physics
(particularly for quality assurance (QA) in particle therapy),
space communities to understand the life span and working
limits of the detectors during a Moon or Mars mission, as well
as accident applications, e.g., a reactor meltdown where it
is important to measure a low or moderate flux of thermal
neutrons in the presence of a huge gamma component.

The two types of radiation damage explored in this work
are total ionizing dose (TID) [5] and displacement dam-
age (DD) [6] associated with ionizing energy losses (IEL)
and Non-IEL (NIEL), respectively. High energy photons and
charged particles that interact with electronic devices create
electron hole pairs in the silicon oxide that may not recombine
and are potentially left as free carriers and form trapped
charges [7]. This is referred to as the TID effect. When a
high energy particle (protons, electrons, neutrons, heavy ions)
interacts with an electronic device, it can potentially displace
the atoms of the device as it passes through [6]. If an atom
is displaced, the vacancies and interstitials created allow for
new energy states in the band gap of the semiconductor which
causes changes in the performance of the device. This is
referred to as the DD effect.

The current gold standard for microdosimetric measure-
ments is the tissue equivalent proportional counter (TEPC).
The downsides of this detector are that it is bulky in size, has
a limited spatial resolution and requires a very high operational
voltage. This poses several limitations [8] specifically for
particle therapy application for RBE evaluation, where high
spatial resolution is essential specifically at the distal parts of
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the Bragg peak (BP). The use of TEPC’s for characterization
of the quality of space radiation fields and dose equivalent
derivation on the International Space Station (ISS) has been
demonstrated, however its application in spacecrafts is limited
due to aforementioned shortcomings, along with observed
pulse pile up effects during a solar particle event (SPE)
burst [9].

The Center for Medical and Radiation Physics (CMRP),
Wollongong, Australia, has been involved in the successful
designing and development of 3-D SOI microdosimeters for
over two decades. A new batch of devices has recently been
fabricated at SINTEF, Norway, on SOI wafers which include
a matrix of 40 × 40 cylindrical sensitive volumes (SVs)
of varying thickness – 10, 20, and 50 µm and a 20 µm
diameter with odd and even rows of linear arrays of SVs which
can be readout independently. These devices have a trenched
planar structure [10] and their fabrication process has been
described elsewhere [11]. The devices have an active area
of 2 × 2 mm2 which is mounted onto a dual-in-line (DIL)
20 package. This device batch is referred to as the PBS full
mushroom microdosimeters.

Previous generations of the SOI microdosimeters have been
extensively characterized [3], [12] and applied in a variety of
studies. These include space and aviation studies [2], [13],
[14], [15], low dose rate radon studies [16], RBE and LETD
verification [1], [10], [17], [18], cell survival studies [19] as
well as studies with low energy ions with very high LET [20].
In addition, other groups have reported success with SOI tech-
nology in hadron therapy [21], [22]. To further improve results
gathered in patient treatment planning in scanning beams as
well as in low dose rate space radiation environments, it is
critical to continue improving the design and functionality of
the devices based on previous experiences. Various thicknesses
of the SV are critical in evaluating various regions of the BP,
with thicker devices being suitable for assessing the lower LET
component, while thinner devices are required for higher LET
measurements at the distal edge of the BP.

In this work, we study the response of our new batch of SOI
microdosimeters to a large gamma dose (TID effect) utilizing
a Co-60 gamma irradiation as well as the performance after
irradiation with 24 MeV carbon ions (DD effect). The aim
of this work is to show that the SOI microdosimeters can
withstand the typical fluence and doses that are expected in
medical QA and space applications. Additionally, the origin
of an unexpected negative pulse is also studied that is present
only in the devices with a 10 and 20 µm device layer when
irradiated with 24 MeV carbon ions.

II. MATERIALS AND METHODS

A. 3-D SOI Microdosimeter

1) PBS Full Mushroom Microdosimeter: The PBS full
mushroom microdosimeters (shown in Fig. 1) were fabricated
on SOI wafers with 10, 20, and 50 µm thick active layer
with a trenched planar structure (i.e., the n+ core region
was produced by ion implantation and the p+ cylindrical
wall surrounding the SV was produced by deep reactive ion
etching followed by filling in with polysilicon and boron

Fig. 1. Schematic of the SOI PBS full mushroom microdosimeter SV
structure.

diffusion [11]). In this device batch the 500 µm thick p-type
silicon support wafer has a resistivity of 1-30 �cm while the
device layer [above the buried oxide (BOX)] has a resistivity
of >5 k�cm.

B. MicroPlus (µ+) Probe

Two in house built MicroPlus (µ+) probes [18] were utilized
for the readout of the microdosimeters. Devices with an active
layer of 10 µm utilized a probe with an 8 MeV dynamic
range while detectors with an active layer thickness of 20 and
50 µm used a probe with a 40 MeV dynamic range. Due
to the different probes being utilized, a different noise level
threshold was set for each of the two probes. The low level
discriminator (LLD) for the 8 and 40 MeV µ+ probes were
then set to ∼90 and ∼1300 keV, respectively.

C. Irradiation Facilities

1) Ion Beam Induced Charge Collection (IBIC) Study at
SIRIUS Accelerator Beamline at ANSTO, Australia: The CCE
of the new mushroom microdosimeters was studied using an
IBIC technique at the 6 MV SIRIUS accelerator located at the
Center for accelerator sciences (CAS) facility at the Australian
Nuclear Sciences and Technology Organization (ANSTO).
This system includes a Confocal Heavy Ion MicroProbe
(CHIMP) which was used to deliver carbon ions at an energy
of 24 MeV with a range of approximately 27 µm in Si
and a microbeam diameter of 1.2–1.5 µm. The devices were
raster scanned over a wide range of scan sizes at a beam
rate of approximately 1 kHz. The x and y position of the
microbeam as well as the deposited energy (E) for each event
was recorded and processed into a list mode file allowing
for median energy maps to be generated. Fig. 2 shows the
SOI microdosimeter inside of the SIRIUS vacuum chamber
at ANSTO. The microdosimeter is mounted on a specially
designed circuit board which is then connected by short wires
to the low noise front-end MicroPlus probe. The probe is then
connected through the chamber to the shaping amplifier and
ADC which are outside of the vacuum chamber.

2) Gamma Irradiation at the Gamma Technology Research
Irradiator (GATRI) at ANSTO: In order to understand the radi-
ation hardness of the mushroom microdosimeters, the devices
were irradiated by a Co-60 source at the GATRI at ANSTO
with 3 or 10 Mrad(Si) (30 and 100 kGy) with a dose rate
of 0.62 kGy/h. During irradiation, each device was wrapped



Fig. 2. Experimental set up inside of the vacuum chamber of the SIRIUS
beamline at ANSTO to perform CCE studies with the microdosimeters.

Fig. 3. (a) MCA spectra of the 10 µm mushroom PBS full after irradiation
with a 24 MeV 12C ion scanning microbeam across the SV region along with
the corresponding median energy maps for (b) 0 and (c) 10 V.

in a thin 10 µm aluminum foil in order to avoid electrostatic
charge build up which could lead to breakdown of the device.
Two weeks after irradiation with the Co-60 source, the devices
were then further tested utilizing the IBIC technique.

III. RESULTS AND DISCUSSION

A. 10 µm PBS Full Microdosimeter

Fig. 3 shows a zoomed out median energy map of the
10 µm mushroom PBS full showing the SV region at 0 and
10 V (Fig. 3(b) and (c), respectively) with both the odd
and even array biased, along with the corresponding MCA
spectra [Fig. 3(a)]. There exists a clear shift to a higher energy
for the 10 V MCA spectra versus the 0 V spectra. This
is expected as the microdosimeter is at full depletion under
a 10 V bias allowing for better overall CCE. Such results
are consistent with previous studies [20]. The primary peak
at 8–11 MeV is related to the energy deposited within the

Fig. 4. 10 µm mushroom PBS full at (a) 0 and (b) 10 V showing only the
0–600 keV region.

Fig. 5. Negative pulse as observed by the oscilloscope.

SV by the carbon ion beam. This value of deposited energy
is consistent with expectation based on SRIM [23], which
predicts the maximum LET for 24 MeV carbon ions to be
approximately 1190 keV/µm in silicon, meaning that in this
microdosimeter, we expect ∼11.9 MeV to be deposited. The
low energy peak present at 0–600 keV energy region is not
expected. Although the median energy map images appear
to show nothing out of the expected charge collection, upon
further inspection, by creating a separate 0–600 keV energy
window for 0 and 10 V (Fig. 4(a) and (b), respectively), it is
observed that there exists a low energy halo within the region
between SVs. As can be observed, this halo is present at
both 0 and 10 V without any major differences. The MCA
spectra also show no significant differences between 0 and
10 V bias. A detailed analysis of these events demonstrated
that they are corresponding to the positive overshooting of a
negative pulse from the charge sensitive preamplifier while
events within the SV produce positive pulses as was observed
with the cathode ray oscilloscope (CRO) (Fig. 5). Fig. 6
shows the median energy map of the 10 µm mushroom
device at 10 V after a 3 Mrad(Si) Co-60 irradiation in
which it is clearly seen that the low energy events from the
negative pulse overshoot have disappeared. The corresponding
MCA spectra shown in Fig. 6(a) demonstrates that the low
energy shoulder present before the 3 Mrad(Si) irradiation at
∼300 keV has disappeared after the Co-60 irradiation. It is
also evident that there is a ∼10% loss of CCE within the
SV, as the high energy edge of the full energy peak shifts
from ∼11 MeV down to 10 MeV. The observed negative
pulses that were opposite polarity and higher amplitude on
the output of the charge sensitive preamplifier in comparison
to the expected pulse amplitude associated with the deposited
energy by 24 MeV carbon ions in the SV of the 10 µm



Fig. 6. (a) MCA spectra of the 10 µm mushroom PBS full after
the 3 Mrad(Si) Co-60 irradiation with (b) full median energy map and
(c) 0–600 keV region.

Fig. 7. MCA spectra and (a) median energy map of the 10 µm mushroom
PBS full (b) before the 10 Mrad(Si) Co-60 irradiation and (c) after the
irradiation.

mushroom device can be explained by energy deposition by
the ion within the support wafer. This is further confirmed
by the absence of a negative pulse presence in the 50 µm
mushroom device (as will be demonstrated later) due to the
lower range of the ion, thus not penetrating into the support
wafer. The nature of the negative pulses can be explained by
the displacement current observed in the MOS SOI capacitor
due to the change in potential at the Si/SiO2 interface when an
ion incident between SVs produces a plasma track in the BOX
and support wafer that leads to collected charge that is larger
than expected from the SV of the SOI device due to a higher
residual energy being released in the 500 µm support wafer in
comparison to the energy deposited into the SV [24]. These
negative pulses have not been observed in previous batches
of microdosimeters due to lower resistivity of the support
wafer (about 0.01 �cm in contrast to typical 30 �cm) and
a thicker BOX (2 µm in contrast to 0.6 µm in this batch).

Fig. 8. 0–600 keV energy region of the 10 µm mushroom PBS full (a) before
and (b) after the 10 Mrad(Si) Co-60 irradiation with the odd array connected to
the MicroPlus while the even array is floating [first and third row in Fig. 8(a)
and second and fourth row in Fig. 8(b)].

Schwank et al. [24] demonstrated a strong dependence of the
excess charge collection due to displacement current on the
resistivity and BOX thickness showing a significant increase
in current with a thinner BOX and higher substrate resistivity.
Irradiations with 3 Mrad(Si) gammas essentially reduces the
carrier life time within the supporting wafer minimizing the
displacement current by allowing for faster recombination of
e–h pairs in the ion plasma track.

Fig. 7 shows the MCA spectra [Fig. 7(a)] and the zoomed
in median energy map for the 10 µm mushroom PBS full
before [Fig. 7(b)] and after [Fig. 7(c)] a 10 Mrad(Si) gamma
irradiation. Deficit observed in the charge collection of the
microdosimeter is almost identical as after the 3 Mrad(Si) dose
(Fig. 6), suggesting that the TID above 3 Mrad(Si) does not
further reduce the life time of the minority charge carriers in
the SV. The 0–600 keV windowed median energy map (Fig. 8)
shows that most of the uniformly distributed low energy events
with an energy of ∼100 keV [corresponding to a blue color
coding in Fig. 8(a)] occurring between the SVs and in the
SVs (only the odd array was read-out while the even array was
floating) had disappeared after irradiation [Fig. 8(b)]. This was
confirmed by an absence of the negative pulse which produced
a positive overshoot. However now, another set of low energy
events [at approximately 200 keV corresponding to the violet
color coding in Fig. 8(b)] are uniformly distributed between
the SVs. These events originate due to energy deposition by
the carbon ions in the device layer when incident between the
SVs. It is obvious that these events are absent when the ion is
incident within the SV. The origin of these events is addressed
in Section III-B.

B. 20 µm PBS Full Microdosimeter

Fig. 9(a) shows the MCA spectra of the 20 µm PBS
full microdosimeter before and after a 10 Mrad(Si) gamma
irradiation. There is an evident shift in the full energy peak
after the 10 Mrad(Si) gamma irradiation corresponding to a
<2% decrease in CCE. There is also a significant increase in
low energy events corresponding to charge collection between
the SVs. Fig. 9(b) and (c) shows a zoomed in median energy
map of the microdosimeter before and after a 10 Mrad(Si)
gamma irradiation, respectively. Fig. 9(d) shows the zoomed
in median energy map corresponding to the energy window
of 0–3000 keV after a 10 Mrad(Si) irradiation. It is obvious
that events with an energy of about 1500 keV are uniformly
distributed between the SVs. Note, all images are shown at



Fig. 9. (a) MCA spectra before and after a 10 Mrad(Si) gamma irradiation
for the 20 µm mushroom PBS full at 10 V and the corresponding median
energy map for (b) 16 SVs before, (c) 16 SVs after the 10 Mrad(Si) gamma
irradiation, and (d) 0–3000 keV energy window after a 10 Mrad(Si) gamma
irradiation.

a 10 V bias on both the odd and even arrays. The nature of
these events is associated with a positive buildup of charge in
the field oxide produced by the gamma irradiation leading to
an inverse n+ layer under the field oxide between the SVs. The
inverse n+ layer and p-Si device layer produce a p-n-junction
in which charge generated by incident 12C ions is collected
by diffusion with enhanced charge collection in the region
adjacent to the p+ electrode of the SV that is reflected in
the rings with increased CCE within the SVs in Fig. 9(d). It is
clear that an increase in the thickness of the device layer leads
to an increase in the energy of these events present between the
SVs due to a more pronounced charge collected by diffusion
from the high resistivity p-Si device layer. Fig. 8(b) shows that
these events arise at approximated 200 keV for the 10 µm
SOI active layer and Fig. 9(d) show that the events are at
approximately 1500 keV for the 20 µm SOI active layer.
A detailed quantitative analysis requires accurate knowledge
of the initial resistivity and life time of the charge carriers
of the 10 and 20 µm thick high resistivity p-Si device layers
which are at this stage unknown.

C. 50 µm PBS Full Microdosimeter

Fig. 10 shows the median energy map and corresponding
MCA spectra for the 50 µm mushroom PBS full microdosime-
ter at a bias of 10 V as well as a zoomed in image of 16 SVs
before a 10 Mrad(Si) irradiation. It is observed that there exists
no events from the positive overshoot of the negative pulse
above the LLD of 1 MeV within this device. This is due to
the range of the 24 MeV carbon ion beam being smaller than
the active layer thickness so no energy is deposited by the 12C
ion into the substrate to generate the aforementioned negative
pulses. However, it is seen that there exists low energy events
at approximately 2 MeV which are coming from outside of the
matrix of SVs. The MCA spectra shows that the carbon ions
stop within the SV–this is clear as there is a sharp fall off from

Fig. 10. (a) MCA spectra, (b) median energy map of 50 µm mushroom
PBS full at 10 V for the entire device, (c) MCA, and (d) median energy map
of 16 SVs before the 10 Mrad(Si) irradiation with Co-60.

Fig. 11. (a) MCA spectra, (b) median energy map of 50 µm mushroom
PBS full at 10 V for the entire device, (c) MCA, and (d) median energy map
of 16 SVs after the 10 Mrad(Si) irradiation with Co-60.

the main energy peak at ∼24 MeV. The second lower energy
peak present near the full energy peak corresponds to the ions
incident on the Al bus and entering the SV with lower energy
and greater straggling which is reflected in a wider peak.

After a 10 Mrad(Si) irradiation with Co-60, the low energy
events outside the SV matrix are observed to disappear above
the LLD of 1 MeV [as shown in Fig. 11(b)] however there
are now observed low energy events between the SVs as
a consequence of the irradiation due to buildup of positive
charge in the field oxide which has been described in the
earlier sections and is clearly shown from the comparison of
the MCA spectra in Figs. 10(c) and 11(c) and the median
energy maps in Figs. 10(d) and 11(d).

D. Radiation Hardness Study With Carbon Ions

Following the 10 Mrad(Si) gamma irradiation, the
50 µm PBS full mushroom microdosimeter was irradiated



Fig. 12. (a) MCA spectra of the 50 µm mushroom PBS full at 10 V after 16 SVs were irradiated with an approximate 12C ion fluence of 108 cm−2 along
with the windowed median energy maps at (b) 0–2000 keV, (c) 2000–20 000 keV, (d) 20 000–22 300 keV, (e) 22 300–22 900 keV, and (f) 22 900–23 400 keV.

with 24 MeV carbon ions. Fig. 12 show the damage of the
50 µm mushroom device after irradiation with a 12C ion
fluence of approximately 108 cm−2 to the middle 16 SVs
as seen in the median energy maps for different consequent
energy windows under a 10 V bias for both the odd and even
arrays. It is possible to see the difference in charge collection
within the irradiated and nonirradiated SVs. With a 10 V bias
applied, the difference between the charge collection within
the irradiated SVs is observed at the 22.9–23.4 MeV energy
window [Fig. 12(f)] demonstrating that there exists a charge
collection deficit of ∼1% between the irradiated SVs and
nonirradiated SVs. Furthermore, when comparing the CCE of
the nonirradiated 50 µm microdosimeter in Fig. 10, it can be
seen that after a 10 Mrad(Si) gamma dose and a 108 ions/cm2

fluence of 12C ions, only a ∼2% reduction in the CCE is
observed.

These results are important for evaluating applications of
the SOI microdosimeters for QA in particle therapy and
radiation monitoring during space missions. A typical heavy
ion therapy center treats approximately 200–500 patients per
year. We will consider QA measurements for 12C ion therapy
with a microdosimeter, that is placed in the middle of the
spread-out brag peak (SOBP) where the average ion energy
is about 100 MeV/u. The average carbon ion fluence required
for SOI microdosimetry measurements to acquire reasonable
statistics in the microdosimetry spectrum based on our expe-
rience, is about 108 cm−2 that corresponds to about 2 Gy
absorbed dose in water and about 1.5 Gy(Si). Assuming QA
will be carried out in five locations of SOBP with the dose
at each point being 2 Gy(Si) for 500 patients per year, this
will lead to a TID of 0.5 Mrad(Si)/year and carbon ion
fluence of 2.5 × 1011 cm−2 that corresponds to a 1 MeV

neutron equivalent fluence (φeq (1 MeV)n) of about 3.8 ×

1012 cm−2/year using the SR-NIEL-7 calculator [26].
Demonstrated CCE degradation in 50 µm SOI micro-

dosimeter with 108 cm−2 fluence of 24 MeV carbon ions
corresponds to a φeq (1 MeV)n of about 7 × 1011 cm−2.
However, this estimated DD corresponds to the entrance of
the SV. At a depth of 27 µm at which the maximum DD will
be achieved (approximately 280 times higher), corresponds to
a φeq (1 MeV)n of about 2 × 1015 cm−2. Average DD in
the SV greatly exceeds the expected annual φeq (1 MeV)n
of 3.8 × 1012 cm−2. Based on this analysis, the SOI micro-
dosimeter can tolerate TID and DD damage during annual
QA for each patient plan for several years without essential
degradation.

Suitability of the SOI microdosimeter was evaluated for
1 year Moon mission for unshielded environments. Statisti-
cally predicted SPE proton fluences and calculated TID and the
DD equivalent fluence (DDEF) of 50 MeV protons in silicon
surrounded by a 0.01 mm Al shell was about 0.34 Mrad(Si)
and 2.15 × 1012 cm−2, respectively [27]. Effects of GCRs
can be neglected. Predicted DDEF corresponding to a φeq
(1 MeV)n of 5.68 × 1012 cm−2. Both TID and DD are
similar to an expected medical scenario and can be tolerated by
developed SOI microdosimeters without any visible damage.

IV. CONCLUSION

We have investigated the CCE and its degradation versus
TID and DD, in a new batch of SOI microdosimeters with a
device layer of 10, 20, and 50 µm. Irradiation of the 10 and
20 µm SOI microdosimeters with a 24 MeV carbon ion beam
demonstrated negative pulses on the output of the charge
sensitive preamplifier in addition to positive pulses from the



SVs. It was confirmed that the origin of the negative pulses in
the support wafer is due to the displacement current phenom-
ena. Irradiation of the SOI microdosimeters with 3 Mrad(Si)
gammas from a Co-60 source leads to a disappearance of the
negative pulse due to the increase in recombination of e–h
pairs created by the carbon ions in the substrate wafer with
minimal changes being observed within the SVs in terms of
CCE.

Further irradiation of the SOI microdosimeters with gamma
photons of up to 10 Mrad(Si) lead to low energy events being
present as a halo between SVs. The origin of the halo is due to
the buildup of positive charge in the field oxide and depends on
the efficiency of the diffusion charge collection in the device
layer.

Irradiation of the 50 µm SOI microdosimeters after
a 10 Mrad(Si) gamma dose with 24 MeV carbon ions with
a fluence of approximately 108 12C ions/cm2 (equaling a
∼7 × 1011 1 MeV neutron equivalent fluence) does not lead
to a CCE deficit of more than 2% for a 10 V bias when
compared to a virgin device. Such radiation hardness of the
SOI microdosimeters makes them attractive for QA in particle
therapy and Lunar space missions.

The following recommendations can be concluded from
these studies for further optimization of SOI microdosimeters:
1) SOI microdosimeters should be fabricated with the lowest
possible resistivity of the support wafer (<0.01 �cm) and
a BOX thickness larger than 1 µm and 2) high concentra-
tion p+ spray between the SVs should be deposited on the
device layer to mitigate the effect of buildup charge in the
field oxide.
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