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1. Introduction

1.1 Total Ionizing Dose effect

For space applications, microelectronics has to face the harsh space radiation
environment [1-2]. It includes trapped electrons, trapped protons, solar events and
galactic cosmic rays (GCR). When exposed to these types of radiations, various radiation
effects can occur in devices and circuits, which could degrade performance and even
cause failures. One of the most important radiation effects, Total Ionizing Dose (TID) is
related to charge build up in oxides, which is a big concern for microelectronic long-term

reliability.

1.1.1 Basic Mechanisms
High-energy charged particles are able to ionize atoms, generating electron-hole pairs.
The average electron hole pair generation energies in Si and SiO, are 3.6eV and 17¢V
respectively. When a MOS transistor is exposed to high-energy radiation, electron-hole
pairs will be created in the oxide. Figure 1 shows a MOS band diagram for a p-substrate

capacitor with a positive gate bias [4].
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Figure 1 Main process of the ionization-induced charge generation in p-substrate MOS capacitor[4]

Under the ionizing irradiation, many processes happen in the oxide. First electron-hole
pairs are created in the SiO,. However, because of the higher mobility, electrons move
out of SiO, faster than holes. But in the first picosecond, some fraction of generated
electrons and holes recombine [4]. This fraction is highly dependent on the applied
electric field and the incident particle types. The surviving holes determine the initial
response after a short pulse of irradiation. Second, holes that escape the recombination
will transport to the Si/SiO, interface by the continuous-time-random-walk (CTRW)
hopping transport mechanism [5]. This process determines the short-term recovery of

MOS devices.

Thirdly, as the holes moves near the Si/SiO, interface, some of them will fall into the
deep traps [6]. The fraction could be as low as 1% in radiation-hardened oxides and as
high as 50% in unhardened commercial oxides. The few holes that are trapped produce a

remnant threshold voltage shift, which is some fraction of the initial shift. Then these

trapped holes undergo a long term annealing process, which has roughly In(z)

dependence.

The fourth process is the build up of radiation-induced interface traps. These traps are
localized states with energy levels in the Si band gap. Their occupancy is determined by
the Fermi level, which gives rise to the voltage-dependent threshold voltage shift. Figure 2

shows the threshold voltage shift corresponding to each process presented above.
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Figure 2 Schematic time-dependent post irradiation threshold voltage recovery of n-channel MOSFET,
relating major features of the response to underlying physical processes [4]
1.1.2 Traps
There are oxide traps and interface traps in SiO,. Their charge states will be different in
different conditions. In SiO,, there are oxygen vacancies due to the out-diffusion of
oxygen in the oxide [4, 7]. The oxygen vacancy leaves a weak Si-Si bond, where each Si

atom is back-bonded to three oxygen atoms as shown in Figure 3. These oxygen

(a)
Strained Si-Si bord . ®)
(oxygen vacancy) ﬂ {1} Relaxed E"1 center
Hole trapping
(radiation
generated)
Reversibility Annealing
(tunneling from
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-€
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to substrate) (ﬁ
N (c)
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and unpaired spin
elimination

Bond reformation
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Figure 3 Model of hole trapping, permanent annealing, and compensation process [4]



vacancies act like trapping centers, and they are called E’ center. When holes approach
the centers, they may be trapped. The number of trapped holes is determined by the

capture cross section of the trapping center.

Trapped holes are relatively stable, but they undergo a long-term annealing process by

two mechanisms: tunneling and thermal excitation, as shown in Figure 4[8]. The electrons

OXIDE

| siLicon

Ec
Ey
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809 {f«— o ELECTRON TUNNELING
GATE 4

THERMAL
EMISSION

Figure 4 Band diagram of MOS transistor showing two mechanisms for the neutralization of oxide traps [8]

from the Si substrate tunnel through the barrier and get neutralized at or near room
temperature. This neutralization depends on the trap spatial distribution. In this condition,
thermal excitation remains negligible compared with the tunneling. However, if the
temperature increases enough, the thermal process will eventually dominate. The
electrons from the oxide valence band may be excited into the oxide traps and this

process relies on the spatial and energy distribution of the traps.

The buildup of interface traps is a different process. Many models are proposed for the
mechanism, but the most robust and convincing model is two-stage hydrogen model [4].
First, radiation-induced holes transport through the oxide and free hydrogen, in the form

of protons. In the second stage, the protons undergo hopping transport. When they reach



the interface, they react with SiH bonds there, forming H, and dangling bonds as shown
below [9].

H*+SiH— H, +D"

where SiH bonds represent a Si atom bonded to a hydrogen atom and back bonded to
three Si atoms, while D" denotes the Pb center (the interface trap), which is a Si atom
with a dangling bond back bonded to three Si atoms. Figure 5 below shows the above

reaction processes.

ROV

Figure 5 Reaction between H+ and SiH bond: (a) a proton approaches the SiH bond; (b) a H+ and -H-Si

“bridge” is created; (c) an H2 molecule and D+ trap are formed [9]

Unlike the oxide traps, which are always positive, the interface trap charge states are not
fixed [3]. The charge state can be determined by the following reasoning. When the
Fermi level is at the midgap level, the interface trap charge is approximately neutral.
Traps in the lower portion of the bandgap are donor-like, while those in the upper portion
are acceptor-like. Donor-like traps, are neutral when occupied by an electron, and
positive when empty. Similarly, acceptor-like traps, are neutral when empty and negative
when an electron is trapped. So when the Fermi level is below the midgap level, the
donor-like traps would “donate” an electron and become positive. Therefore for p-
channel transistors, the interface traps are predominantly positive when the device is

biased at threshold. Conversely, when the Fermi level is above the midgap level, the



acceptor-like trap receive an electron, resulting in the negatively charged state. Therefore,

for n-channel transistors, the interface traps are predominantly negative at threshold.

1.1.3 Issues with TID effect
TID effects degrade device performance. Here two main effects are discussed: threshold

voltage shift and radiation-induced leakage current.

1.1.3.1 Threshold Voltage Shift
There are four types of charges existing in the oxide, as shown in Fig. 6 [10]. They are

and interface

ox ?

mobile ionic charge O, , fixed oxide charge Q, , oxide trapped charge Q

trapped charge Q, . For the radiation situation considered here, only Q, and Q, are

considered.
@ Mobile ionic
charge (Q,,, N,,)
¢ ®
Oxide trapped
charge (Q,.. N,,)
Q. - + Fixed oxide
- - chasge (Q,. Nj
. + + +__-:- -:_-- $i0,

Interface trapped
chargc (Qll‘ NII' DH)

Figure 6 Oxide charges in SiO2 and Si system [10]

The threshold voltage shifts due to the oxide charges and interface charge buildup [10].
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where C,_is the oxide capacitance, €, is the oxide dielectric constant, p, (x)is the oxide

traps charge density. It shows that the oxide traps cause negative threshold voltage shift,



while the behavior of the interface traps has to be determined according to their charge
states.

Table 1 summarizes these results for NMOS and PMOS transistors. For PMOS transistors,
the charge in the oxide traps and interface traps add together, giving rise to more negative
threshold voltage shift. However, for NMOS transistors, the oxide traps and interfaces
traps have opposite polarities, so the threshold voltage shifts tend to cancel each other,

rendering an undetermined result.

QU-" Qit AVox AVzt AVth = Avox + AVzt
NMOS + - - + ?
PMOS + + - - _

Table 1 traps charge states and corresponding effect in the threshold voltage shift, “+” represents positive

voltage shift, “-” denotes negative voltage shift, and “?” represents undetermined.
There is another noteworthy point about the difference between oxide and interface traps.
Because interface traps lie in the bandgap of Si, the occupancy of interface traps is
voltage dependent. However the oxide traps do not have this dependence. This difference

enables us to separate the contributions of oxide and interface traps to the threshold

voltage shift [11].

It’s also very important to know the relationship between the oxide thickness and

threshold voltage shift. It’s generally believed to have a square law dependence [12].

0,
AV, =T et @



Because trapped hole density Q ,is approximately proportional to the oxide thickness,
while the gate capacitance is inversely proportional to the oxide thickness. So the
threshold voltage shift shows the square law dependence. As technology scales, the gate
oxide thickness is getting thinner and thinner, so the net hole trapping becomes very

small. As a result, the scaling is the best hardening technique in terms of the TID effect.

1.1.3.2 Leakage Current
Another important issue with TID effects is the radiation-induced leakage current (RILC)
[3]. With the ultra-thin gate oxide, the electrons from the Si substrate could tunnel
through the barrier into the gate oxide. Defects created by radiation-induced damage

could contribute to the gate current.

The Field Oxide (FOX) plays an important role in increasing the leakage current under
TID irradiation [3]. Though the gate oxide makes a negligible contribution due to its
ultra-thin thickness, the FOX remains relatively thick. As a result, a lot of charge buildup

in the FOX, gives rise to undesirable results.

Two common FOX isolation methods are local oxidation of silicon (LOCOS) and

shallow trench isolation (STI). And LOCOS has been replaced by STI in the submicron



oxide
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Figure 7 Transistor cross section with LOCOS and STI isolation [3]

technology. Figure 7 shows the cross section of LOCOS and STI isolation, and it
illustrates the charge buildup in the LOCOS bird’s beak regions and in STI. For p type
substrate, the charge buildup in the FOX could invert the surface and create an n-channel
underneath the FOX, thus forming a parasitic field-oxide transistor in parallel with the

gate-oxide transistor. The parasitic field-oxide transistor contributes the edge leakage.

Figure 8 shows the leakage paths for a 2 input NAND gate. As shown in the figure, there
are three main leakage paths. The first is the leakage path under the FOX between N-
channel source and N-well. The second is the edge leakage where the thin gate oxide is in
transition to FOX. The third is the leakage between the drain output of one NAND to the

source of the adjacent NAND gate.



Figure 8 2 input NAND gates showing the leakage current paths

Because of the predominantly positive charge buildup in the oxide, the FOX leakage is
the most serious in NMOS transistors. To sum up the radiation-induced leakage, Figure 9
shows the gate oxide transistor leakage current caused by the field-oxide transistor.
Because of the large thickness of the FOX, the pre-irradiation threshold voltage of the
parasitic field oxide transistor is relatively large, and it has a large threshold voltage shift
due to the large charge build up in the FOX. Even though the contribution from the gate

oxide transistor is small, the total leakage current is significant.

102 — T | — T | — T

109 .

i COMBINED |
POSTRAD POSTRAD

10‘5 -

I~ (field or edge) (gate)
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(gate) (field or edge) il

14
Ves (V)

Figure 9 I-V curve for a gate oxide transistor and a parasitic field-oxide transistor showing the increase in

leakage current of the gate oxide transistor caused by the parasitic field-oxide transistor [3]
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1.2 Silicon On Insulator (SOI) Technology

The use of SOI has been motivated by the full dielectric isolation of individual transistors.
Only the very top region of the silicon wafer is used for carrier transport in bulk CMOS,
while more than 99.9% of the wafer is used as a mechanical support of the active device
[13]. However, the inactive volume causes undesirable effects such as the substrate
coupling. SOI technology comes from the idea of separating the active volume from the

silicon substrate by a thick insulator.

SOI technology is receiving more and more attention because of its advantages over
conventional bulk CMOS technology. First, it is immune to latchup due to the isolation
between active volume and substrate. Second it increases performance by raising the
integration density and decreasing the source and drain junction capacitance. Finally, it

provides radiation hardness for space and military applications [14].

1.2.1 SOI Transistor Structure
There are planar and non-planar SOI transistors [14]. For illustration purpose, only the
planar SOI transistors are considered. Two types of planar SOI transistors are commonly
used: the fully depleted (FD) and partially depleted (PD) transistors [13] as shown in
Figure 10. For the FD SOI transistor, the silicon body is fully depleted, while the silicon

body is only partially depleted, leaving a neutral body for the PD SOI transistor.

11
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Figure 10 Two types of SOI transistors: (a) FD SOI transistor; (b) PD SOI transistor

For a SOI transistor, except for the thin gate oxide transistor, called the front gate
transistor, there is a parasitic transistor formed by the thick buried oxide (BOX) and the
silicon substrate, which is called back gate transistor. BOX is unique for SOI technology,
which is used to isolate the active volume and the silicon substrate. And it plays an

important role in the TID response of SOI technology.

Both the front gate transistor and the back gate transistor will deplete the silicon body, so
if the body is thin enough such that

t,(FG)+t,(BG)=t, 3)
where 1,(FG)is the depletion layer thickness of the front gate transistor, ¢,(BG) is the
back gate transistor depletion layer thickness, and 7 is the silicon island thickness as

shown in Figure 10. Then the SOI transistor is a FD SOI transistor, otherwise it is a PD
SOI transistor. Here the difference of FD SOI and PD SOI transistors is emphasized
because of their different behavior. For a FD SOI transistor, there is a strong coupling

between the front gate and back gate transistors due to the fully depleted body region.
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As mentioned above, there is a parasitic back gate transistor in every SOI front gate
transistor. However, in addition, there is also a parasitic bipolar transistor in a PD SOI
transistor [13]. The neutral body acts as the base, while the source and drain act as emitter
or collector. This parasitic bipolar structure could be triggered by proper bias or radiation.

Figure 11 shows the equivalent electrical structure of a PD SOI transistor.

source drain

e

o

Q

[oN
<

_

| back substrate

Figure 11 Equivalent electrical structure of a PD SOI transistor [13]

1.2.2 TID Effect in SOI Transistors
Compared with their bulk counterparts, what is unique in SOI technology is the BOX,
which is a big concern for TID effects. The charge traps in the BOX include the E” and

P, center as in the bulk transistor; however the BOX also has other types of traps, for

example, the delocalized spin center, where the unpaired electron does not belong to any

particular atom. [13]. The traps are highly fabrication process dependent [15-16].
The oxide charge buildup will cause the threshold voltage shift and leakage current

increase. However, PD SOI and FD SOI transistors have some different responses for

TID effects. The difference is examined below.
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The primary effect of radiation-induced charge buildup in the BOX of PD SOI transistors
is to increase the leakage current of the front gate transistor and threshold voltage shift in
the back gate transistor. This is illustrated in Figure 12 [13]. From the Figure 12(a), the
positive charge buildup in the BOX causes large negative threshold voltage shift in the
back gate transistor. As the charge buildup is large enough to cause an increase in the
leakage current at zero back-gate bias, the front gate leakage current will begin to

increase, as shown in Figure 12(b).

10° Co-60
104 | | OFF Bias
10-5 |
N 106! o pre
< 107! v 50k
@ 109 - ; = 100k
T 100 | * 200k
10, 1 4 500k
13:1 oA ¢ 1M
10-1”d!! i ¥ 1 e
-20 3 4 5

(a) (b)
Figure 12 I-V characteristics for: (a) a back-gate transistor irradiated to 1Mrad (SiO2) and its effect on (b)

the front gate transistor leakage current. The transistors were irradiated in the OFF (V. =V, =0;V =5V

DS

bias condition [13]

Due to coupling effects, the FD SOI transistor TID response is more complicated. The
front gate transistor is electrically coupled with the back gate transistor and charge
trapping in the BOX will directly affect the front gate transistor characteristics [13].
Basically, the charge buildup in BOX will cause the increase of leakage current and

threshold voltage shift both in the front gate transistor and back gate transistor [13,17-18].
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Figure 13 shows the comparison between fully and partially depleted devices in terms of
the threshold voltage shift under irradiation [13]. The partially depleted device shows
negligible front gate threshold voltage shift while the fully depleted device shows nearly

linear coupling between the front gate and back gate.
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Figure 13 Front gate transistor threshold voltage versus back gate bias for floating body fully and partially
depleted 0.25um NMOS depended on Cg the fully depleted silicon film capacitance, C,,, the front gate

oxide capacitance, C,,, the back gate oxide capacitance [18].

The TID effect of SOI transistors due to the BOX charge buildup is summarized in Table

2 below.

A‘/th FG A‘/th ,BG Ileakage,FG Ileakage,BG
PD SOI transistor X Vv Vv Vv
FD SOI transistor N v v vV

Table 2 PD and FD SOI transistors TID response: AV, the front gate transistor threshold voltage shift, the
AV, . back gate transistor threshold voltage shift, 7, the leakage current increase in front gate

transistor, / the leakage current increase in back gate transistor

leakage BG
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2. TID Effect Monitor

There are many kinds of radiation detectors, such as quartz fiber dosimeter, film badge
dosimeters, and thermoluminescent dosimeters [19-20]. But in this chapter, only different
kinds of solid-state TID monitors are examined [21-28]. Their working principles,
advantages and disadvantages will be compared. Finally a design of an embedded SOI

TID monitor is presented.

Almost all the literature about radiation dose detectors falls into one category: utilizing
the radiation induced threshold voltage shift. The mechanism of this threshold voltage
shift has been introduced in Chapter 1. However, from Chapter 1, except for the threshold
voltage shift, there is another important aspect of TID effects, the increase of leakage

current. Next, these two different aspects are illustrated.

2.1 Threshold Voltage Shift Approach
Threshold voltage shift is the most straightforward method quantifying radiation-induced
changes in a MOS device. Based on this idea, different methods have been put forward.

Here two main methods are illustrated: discrete PMOS radiation sensitive field effect

transistor (RADFET) [21-25] and an on-chip CMOS circuit [26-28].

2.1.1 Discrete PMOS RADFET
The use of a PMOS RADFET to measure the total dose irradiation level was first
suggested in the 1970s by Holmes-Siedle [28]. The principle of this monitor is illustrated

as below. As
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Figure 14 Cross section of a MOS capacitor under irradiation, “ot” represents the oxide traps, “it”

represents interface traps, and “s” represents semiconductor image charge [22]

shown in Figure 14, the radiation will introduce positive charge buildup in the oxide and at
the interface for a PMOS transistor. The effect of the oxide traps and interface traps will
add together, which is the reason of the selection of a PMOSFET, instead of a
NMOSFET as the RADFET. It’s already known that the charge buildup will cause
negative threshold voltage shift in PMOS. Thus, by measuring the threshold voltage shift;
and from the relationship between the total dose irradiation level and threshold voltage

shift, we can monitor the irradiation level.

The circuit that measures the threshold voltage shift is shown in Figure 15 [22]. During
irradiation all terminals are grounded; however during the sensing measurement, the gate
and drain are connected together, and the source and body are connected to a constant
current source. Because drain to source current is fixed, the source to drain voltage

change is equal to the threshold voltage shift
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Figure 15 A type of read circuit for PMOS RADFET [22]

It is shown in section 1.3.1.1 that the threshold voltage shift is proportional to the square
of the oxide thickness. Now define the sensitivity as

dAV,,

S:
oD

)
here AV, is the threshold voltage shift, and D1is the total dose. Then it can be concluded

Soct? )
So to obtain high sensitivity, the oxide thickness should be made large. This requirement

makes it impossible to integrate the PMOS RADFET in present-day commercial

technology.

The monitor above works well. However, to reduce the effect of annealing and fading of
trapped holes in the oxide, a dual-dielectric PMOS RADFET is suggested [24-25].
Ilustrated in Figure 16 is the cross section of the proposed RADFET. The dielectric layers

contain one layer of SiO,, and on top of it is one layer of Si3Ny.

18



—_— e N

1
Metal Gate [
Si3N4 } LSI3N4
[
sio, | E
¥

p+ — ] + |

N-Substrate

Figure 16 Cross section of dual-dielectric PMOS RADFET [24]

For a single dielectric, to get substantial threshold voltage shift, positive gate bias is
applied during irradiation so that holes move to the Si/SiO; interface instead of to the
gate/Si0, interface. However this would also increase the chance of trapped holes
neutralization. The PMOS RADFET shown in Figure 16 resolves this issue. During
irradiation, negative gate bias is applied so that generated holes move to the Si3N4/SiO;
interface. As a result, little or no interface trap buildup and hole neutralization by electron

tunneling occurs [24].

In order to improve the linearity of sensitivity as a function of total accumulated dose and
minimize the temperature dependence, a differential type of RADFET is proposed [29].
The schematic is shown in Figure 17. By measuring the threshold voltage shift of each
transistor in the sensor pair and calculating the difference of the two threshold voltage

shifts, the performance could be improved considerably.
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Figure 17 Read out circuit for the threshold voltages Viy;, Vi, of each MOSFET in the sensor pair[29]

In the end, the advantages and disadvantages of the discrete PMOS RADFET detector are
summarized. First, it is easy to build and very straightforward. In addition, it could
receive a large range of dose. However, the main drawback is that it could only be
integrated with relatively thick oxide technologies. As technology scaling continues, it is

impossible to integrate into present-day ultra-thin gate oxide technologies.

2.1.2 On-Chip CMOS Circuit
Several types of solid-state circuits could be used to monitor the total dose level. Some of
them only provide a dose threshold, which only gives very limited information about the
total dose [26]. Some of the circuits can measure the threshold voltage shift in situ [27-

28]. These circuits are introduced below briefly.

The total dose switch is a type of circuit that only provides a dose threshold [26]. When
the total dose reaches this threshold, the circuit switches its state. Figure 18 shows the

schematic of the circuit. In the circuit, only Q, is sensitized to radiation and the other

transistors are radiation hardened. When the total dose is below the threshold, O, remains
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“ON”, and the output is low. However, once the total dose reaches the threshold, Q, turns

off, then the output goes high. So by observing the output state, the total dose information

could be gathered. However this is a kind of “binary” information, and it is quite limited.

2 T
I 4 3.3M

Figure 18 Circuit for use as a total dose switch [26]

Another type of solid-state circuit TID monitor could be borrowed from the negative bias
temperature instability (NBTI) monitor. NBTI is characterized by a positive shift in the
absolute value of the PMOS threshold voltage, which occurs when a device is biased in
strong inversion [27]. This threshold voltage shift is due to the breaking of Si-H bonds at
the oxide interface. The dangling bonds are Pb centers (Section 1.1.2) and they are
positive for PMOS transistors. Because TID effect and NBTI have the same result, the
positive absolute threshold voltage shift, NBTI monitors could be “borrowed” to build a

TID monitor. Here one such design is presented.

This NBTI monitor is based on a delay locked loop (DLL). Figure 19 is the block diagram
of the NBTI monitor [27]. The voltage controlled delay line (VCDL) shown in the
diagram is composed of stressed stages and unstressed stages. The stressed stages are

biased by V,,, which is constant, while the unstressed stages are biased by V, which

ontrol °
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is the output of a loop filter. The basic idea of this circuit is to translate the stressed stage

threshold voltage shift into V.. Then by measuring the change of V, , ,, the threshold
voltage shift can be calculated by the relationship between V., and |AV,|.
select bits
Reference CLK delay chain [ é
Reference Veontrot (Variable bias
CLK control ( )
rase |-V 5[ Loop +—X
ase Charge Filter
4 Comp Pump ¢
DOWNL J_
I Monitor
voltage
MEASSTRES

[ ff-chi
control input Startup ENABLE ofi-ehip
E Control

Vbias_initial
(a)

Figure 19 Block diagram of NBTI monitor [27]

This type of NBTI monitor could be used in a TID monitor design. It could give the in-
situ result of the threshold voltage shift, which could be translated into the total dose level.
However, the circuit is complicated and requires fitting between the relevant parameters.

This could result in considerable errors.

2.2 Leakage Current Approach
A TID monitor based on leakage current was first implemented in [30]. This paper shows
the feasibility and the advantage of this kind of TID monitors over the threshold voltage
shift based monitors. However, to be able to fully integrate with the standard CMOS
technology, SOI technology is used here. Due to its thick buried oxide, it is a reasonably

good candidate for this application.

22



Standard methods used to fabricate SOI wafers require high temperature anneals
(>1100°C) [30]. These high temperature anneals will result in the oxygen out-diffusion
from the buried oxide, thus creating lots of traps. So the buried oxide could trap close to
100% of the radiation-induced holes at deep trap sites in the bulk of the buried oxide. In

addition, the trapped holes do not readily anneal even if the oxides are exposed to

temperatures as high as 350°C . Though electrons would be trapped in the buried oxide,
they will be thermally detrapped within less than 1s after being trapped. All these

characteristics make the SOI technology a good candidate for TID monitors.

Figure 20 shows the leakage current versus irradiation and anneal time [30]. It shows
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10keV x-ray |
167 rad/s i
Bias: V__=0V
5L gs |
- 10 |
=} |
n |
» R |
=7 10°} |
|
® |
- |
107 |
Rad : RT Anneal
|
108 " " Lasss "
100 101 102 103 104 10%

Time (s)

Figure 20 “Off” state leakage current versus irradiation and anneal time for BOX RADFET irradiated at
dose rates of 167 rad (SiO,)/s with all pins shorted. The transistor was annealed at room temperature with

all pins shorted [30]

that the leakage current has a nearly power law dependence on the total dose. And the

fade is around 10% for 5x10*s anneal, which is small enough to be a good TID monitor.
g
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The basic idea behind the leakage current based TID monitor is measuring the leakage
current. There are a lot of ways to realize this. Figure 21 presents an elegant method. By
translating the leakage current into a periodic wave output through a current controlled

oscillator (CCO), the leakage current could be easily identified. The periodic wave

Current Four
Controlled

Oscillator

IRIuH"E r
-

N-bit Shift BHIET OUT
Register

N-bit Counter

(‘:}
Finite State ‘OUNT
JAM

FﬁadFET Machine RO

clk

Figure 21 Block diagram for the leakage current measuring circuit [30]

frequency could be measured through a counter with a known clock frequency. Assume

that the counter output is a digital word N, then the periodic wave frequency is

N, =— 0

where F

out

represents the CCO output periodic wave frequency, and F,, represents the
counter clock frequency. To read out the digital word N, a shift register is used as

shown in the block diagram. A finite state machine (FSM) is used to control the digital

circuits.

The idea is straightforward and easy to implement. And these are great advantages over
threshold voltage shift-based TID monitors. Figure 22 shows the output waveforms of the

whole circuit. From the output waveforms, the FSM first sends a “ CLR” signals to clear
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Figure 22 Leakage current based TID monitor read out circuit waveforms [30]

the counter, then a “COUNT ” signal to enable the counter. After that, the counter starts
to count the CCO output periodic wave frequency. Then FSM sends a “JAM ” signal to
the shift register to latch the counter output. Finally FSM sends a “ RO signal to the shift

register to shift the digital word N bit by bit.

One important step in characterizing the monitor is the relationship between the leakage
current and the output digital word. Figure 23 illustrates the relationship of these two
parameters. As can be seen, the digital word is quasi-linear with the input leakage current.
The dependence can be characterized by a power law. This is important and very
advantageous over the threshold voltage shift-based TID monitor. After measuring the

digital word, the input current can be readily identified.

25



10°

—— Predicted
104 ¢ B Measured

109

107

ADC Code (decimal)

lpaarer (A)

Figure 23 digital words versus leakage current [30]

The leakage current based TID monitor presents an insightful and easy approach to work
with. And the monitor shows good performance. Another inherent advantage is that the
output is a digital word. So there is no need of an ADC to perform the analog to digital

conversion.

2.3 Conclusion

In this chapter, two categories of TID monitors are presented. Although there are other
options, such as the organic semiconductor monitor described in [31], which is based on
the resistivity change after irradiation, the threshold voltage shift based TID monitors and
the leakage current based TID monitors are the most common and most promising to

integrate with the standard CMOS technology.

Leakage current based TID monitor shows a great advantage over its threshold voltage
shift based counterpart. It’s much easier to build, easy to characterize, and has good
performance. Table 3 summarizes several aspects of the threshold voltage shift-based TID

monitors, discrete PMOS RADFET and On-chip CMOS circuit, and the leakage current-
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based TID monitors. From the table, it is very clear that the leakage current-based TID

monitor is a promising approach. The rest of the thesis is based on this method.

Embeddable Accurate Sensitivity Easiness

Discrete PMOS RADFET Very poor Good Good Very good

On-chip CMOS circuit Very good Fair Poor Very poor
Leakage current circuit Good Very good Very good Good

Table 3 Comparison between the threshold voltage shift based TID monitors and leakage current based TID

monitors

27



3. Embedded Leakage Current Based TID Monitor

In this chapter, the leakage current-based TID monitor is designed. The technology used
in this thesis is an IBM 32nm SOI technology. To implement this technology, there are a
few difficulties that need to be overcome. Next, different components of the system are
examined individually. Different design strategies are evaluated and proper choices are

made.

3.1 Current Controlled Oscillator (CCO)

The design requirement for the CCO in this work should be
e Input current range: 10nA~100uA
e High linearity between oscillation frequency and input current, i.e., K,., should
be independent of input current

e Maximum output oscillation frequency should not exceed several gigahertz. In

this work 1GHz is chosen.

There are a lot of CCO designs in the literature [31-36]. Loosely speaking, they can be
classified in three categories: grounded capacitor relaxation oscillator [31-33], set-reset
oscillator [34-35], and inductive current tuning oscillator [36]. These oscillators will be

examined below briefly and the proper oscillator will be chosen.

3.1.1 Grounded Capacitor Relaxation Oscillator
A relaxation oscillator is an oscillator based upon the behavior of a physical system’s
return to equilibrium after being disturbed [37]. Taking a capacitor as an example, the
capacitor can be charged toward a positive power supply until it reaches a threshold

voltage sufficiently close to the supply. At that moment, the capacitor turns to discharge
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toward the negative power supply. Similarly, when it reaches another threshold, it
changes to charge again. Alternatively, when the capacitor reaches each threshold, the
charging source can be switched from the positive power supply to the negative power
supply or vice versa. This repeatedly charging and discharging behavior forms the
oscillation. However there are usually two different strategies of realizing the oscillator:

single capacitor CCO and double capacitor CCO.

3.1.1.1 Single Capacitor CCO
Conventionally only one grounded capacitor is used. Figure 24 shows one such structure.
The input current is mirrored into transistor M 3,M 5, which are the discharging and
charging current correspondingly. Note that in this structure, the output parasitic
capacitance is parallel to the external capacitance, so they could be just added together,

which is a big advantage over the floating capacitor structure shown in [32]. The control

Vi v

L

Control
Circuitry

Figure 24 Single capacitor CCO schematic [31]

circuit outputs the control signal for the switches S1 and S2, such that when the capacitor

voltage reaches the V,,,, S1 turns on and S2 turns off. When the capacitor voltage reaches
the V,, , S1 turns off and S2 turns on. The control circuit can be realized as a Schmidt

Trigger as shown in [33] or the comparator based circuit in [31].
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Figure 25 shows the single capacitor CCO capacitor voltage waveform. It can be shown

Voru

Figure 25 Capacitor voltage waveform of single capacitor CCO [31]

that the oscillation period is equal to the sum of the charging and discharging time.
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The single capacitor CCO suffers from several disadvantages [31]. It’s hard the match the
NMOS and PMOS current, so the charging and discharging current will not be the same.
In addition, switching at different voltages means that 50% duty cycle is difficult to

achieve. However, the double capacitor CCO avoids the above issues.

3.1.1.2 Double Capacitor CCO
The double capacitor CCO design is shown in Figure 26. Here two grounded capacitors
C1 and C2 are used. Current mirrors MP1, MP2 and MP3 are used to match the charging
current. A comparator based control circuit is designed here to switch the charging

signals.

30



vdd

MP1 :“ | Vb HE#PZ II:MP‘S

GD ) MP4 t MPS5 I% + | + |

Vc2

Vref
<

MN1 cil MN2 c2]

_l_ UQbar [5 Q

Figure 26 Double capacitor CCO schematic [31]

Next, the operation of the whole circuit is explained. Suppose initially the voltage on C1

is high and the voltage on C2 is low compared with V, ,; then the SR latch will set. The

feedback from the SR latch will turn MN1 and MP5 on; while at the same time turn MP4
and MN?2 off. So CI starts to discharge and C2 starts to charge. Again, until the voltage

on C2 reaches Vi s the SR latch will reset. The feedback will turn MN1 and MP5 off; at

the same time MP4 and MN2 will be turned on. This will charge C1 and discharge C2.

So the oscillation is formed by repeated cycles of charging and discharging. The C1 and

C2 voltage waveform is shown in Figure 27.
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Figure 27 Voltage waveform of C1 and C2 of double capacitors CCO [31]
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Compared with the single capacitor CCO, the oscillation period is the sum of the two
capacitors’ charging time, instead of the sum of the charging and discharging time of a
single capacitor.
PR B
T Vi€ VG VvV, C+C,

— 4 ==
IC IC

®)

If the two capacitances are equal, then

1

T 2v,C @
This is a big advantage. Because as long as the discharging is faster than charging, the
oscillation period has nothing to do with the discharging time. This means that there is no
need to match the charging and discharging current, which is very difficult in reality.

Another advantage of this structure is that there is only one reference voltage used. So it

is much easier to achieve the 50% duty cycle oscillation.

One of the key components in this structure is the comparator. There are several options,
such as the single stage open-loop amplifier, the cascade open-loop amplifier, and the
latched comparator. Here due to the regular and predictable voltage waveform on the two

capacitors, the single stage open-loop amplifier with active current mirror load is used.
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Figure 28 (a) Single stage open-loop amplifier schematic, (b) modified version

Figure 28(a) shows the structure of the comparator. The input is a differential
transconductance stage, and the output stage is an active current mirror load. If faster

response is needed once V, + exceeds V,, -, the modified version shown in Figure 28(b) can

be used. Here the additional small size transistor MN3 provides a positive feedback so

that the steady state is settled much faster. If V_, is high, then MN3 is ON, pulling down

the gate voltage of MN2 and MN1, thus favoring the charging of the output capacitance.
However MN3 size has to be small, or the cross-coupled pair MN2 and MN3 will keep

the output voltage going low, so the discharging time of the output node will be quite

long when V, + falls below V-

3.1.2 Set-Reset Oscillator
This type of oscillator uses a cross-coupled inverter pair, like SRAM cells. If somehow,
the cross-coupled inverter pair could be set and reset periodically, then the oscillation is

formed. Figure 29 shows such a structure. If V, is high and V, is low, then PMOS P1 is
ON to pull up the node voltage V.. NMOS N3 is gradually turning ON, which will

discharge the node capacitance, so V, is pulled low. The same process goes for P2 and N4.
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Figure 29 Set-reset oscillator [34]

This oscillator is very simple and straightforward. However, there are several issues
associated with it. First, due to the meta-stability of cross-coupled inverter pair, the
circuit may enter the third stable point that P1 and P2 divide the input current equally,
and the oscillation is no longer sustained. Second, there is no simple relationship between
the input current and the oscillation frequency. This adds difficulty in designing the

circuit to fulfill specific requirements.

3.1.3 Inductive Current Tuning Oscillator
This type of oscillator is the analog of the varactor-based voltage controlled oscillator
(VCO), where a control voltage is used to vary the capacitance, thus varying the center
oscillation frequency. Here inductive component that is controlled by current is used to

tune the inductance [36].
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Figure 30 Principle of the inductive current tuning [36]

Inductive current tuning is shown in Figure 30. The principle of this circuit is that

V. =sLi, +sMi, + R, (10)
If], =l , then
Vi=s(L,+aM)i +Rj, a1
SO
L,=L+aM a2)

By changing the secondary inductor current, the primary inductor inductance can be

tuned. If this inductor is applied in the LC oscillator, the output frequency can be tuned.

3.1.4 Conclusion
In this section, three different types of CCO are discussed. They show associated
advantages and disadvantages. In this work, large input current range and high linearity

are required. As a result, the double capacitor CCO structure is applied in this work.
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3.2 On-Chip Clock
This is the second oscillator needed in this design. This clock is fed into the digital read
out block. It’s a relatively easy design because we do not need a phase locked loop here.
So, a simple ring oscillator is designed. The design requirements are
e Oscillation frequency should be smaller than the minimum CCO output
frequency
e Ring stages should be as small as possible

e Sustained oscillation

3.2.1 Circuit Diagram
The schematic of a ring oscillator is shown in Figure 31. It contains N stages, where N is
an odd number. The NAND?2 gate is used with an extra input EN, which is used to start

up the oscillation.

CLK
e e e T
S

Figure 31 Ring oscillator block diagram

The oscillation frequency is

1
=S 13)

Nt +t,0)

1
I=7

where ¢, is the high to low single stage propagation delay, and 7, is the low to high

single stage propagation delay.
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In IBM 32nm SOI technology, the single stage inverter delay would be around Ips,
which is extremely small. So for a IMHz CCO minimum oscillation frequency, it would
need a huge number of stages to achieve the delay. So the single stage could not be just a

simple inverter, instead it should be modified.

The first option would be a current starved single stage. By controlling the charging and
discharging current, the single stage inverter propagation delay could be modified. Figure

32 shows the structure of the single stage. Here “ContP” and “ContN” are used to control

PN
ContP >
o
-
In ] Out
— ——
_’
e
ContN R

Figure 32 Current starved single stage inverter

the charging and discharging current. These two currents could be tuned to be smaller
than the simple inverter, so output node capacitor charging and discharging time could be

made much longer.

Another option could be adding a series transmission gate between the input and the

inverter, which increases the propagation delay. The transmission gate could be
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controlled by a control voltage. Figure 33 shows the circuit diagram. The transmission

gate

ContP

Out

,_'I_L|

b

ContN

Figure 33 Series transmission gate single stage inverter

inserted between the input and the inverter is used to control the propagation delay of the
signal from the input to the inverter gate. Furthermore, to increase the delay, drain and

source connected NMOS and PMOS are connected to the output node.

This structure is much better than the previous one. Because in the previous one, the
charging and discharging current is tuned, there is a great possibility that the oscillation
will damp out if the stage number is large. To get a reasonable stage number, the bias
transistors in the previous design operate around the subthreshold region. This small

charging and discharging current will make things worse.

The above issues are resolved in the latter structure. Because the inverter connects

directly to the power supply, the charging and discharging current do not degrade. This

property helps sustain the oscillation.
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3.3 Digital Read-Out Circuit

A digital read out circuit is used to measure the CCO output frequency. It is composed of

simple blocks: counter, FSM, and shift register. Figure 34 presents the circuit diagram.

12 bits shift register

SHIFT_OUT
—_—

FOUT Q<11:0>
12 bits counter
Z
J
EN
Co— JAM
4 bits FSM
RO

Figure 34 Digital read-out circuit diagram [30]

“FOUT” is the output of CCO, and 12 bits counter measure the FOUT frequency, and

stores the output in Q<11:0>. Shift register receives the Q<11:0>, and shifts out the

digital word bit by bit. The 4bit FSM is used to coordinate the counter and shift register.

Because counter and shift register are the standard digital circuits, their circuit diagram is

simple and not reproduced here. Figure 35 is the circuit diagram of the 4bit FSM.

CLR

)

f

COUNT
Q=

o
=B
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Figure 35 4bits FSM circuit diagram
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4. Simulation and Verification

In the last chapter, different circuit components are examined and different design
alternatives are presented. For each component, the design choice is made. In this chapter,

these circuits are designed and simulated in IBM 32nm SOI technology.

4.1 CCO Simulation and Verification

In this section, the comparator and the whole CCO are designed and simulated. The CCO

output frequency versus input current relationship is characterized.

The key component in the double capacitor circuit is the comparator as shown in Figure 28.
First, the design of the comparator is discussed, and then the results are presented. In this
thesis, it’s designed in an IBM 32nm SOI technology, and all the transistors have the
same minimum gate length L =40nm . Figure 36 shows the bias and sizes of the

transistors. Because only a single stage is used here, the gain is not sufficient. From the

vdd

MP4 I Vb I I:Mp:; W=1664nm

Vin+ in-
—| I:MP1 MP2:| Iﬂ
W=832nm W=832nm

Vout
W=832n
MN3:| MN1
W=832nm

—o0

—[Lme
1l

—_—

Figure 36 Single stage open loop comparator biasing and transistor sizes
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simulation results, the low frequency gain is less than 10. Figure 37 shows the comparator
output waveform. And it verifies that the gain is not so large that the output does not
saturate at the power supplies. In the IBM 32nm SOI technology considered here, the
positive power supply voltage is equal to 0.9V. The input triangular voltage pulse
frequency is 2GHz, which is larger than the maximum CCO oscillation frequency, 1GHz.
In this situation, the propagation delay is approximately 35ps, which is relatively small,
less than 10% of the input wave period. So for this project, the comparator is good
enough. However, in order to improve the low gain, a buffer is connected to the output.

The delay introduced by the buffer is around several picoseconds and is negligible.

0.7 -
0.6 - Vin+
1 —Vin-
0.5 out
0.4
0.3 -
0.2
0.1
0.0 -
T T T T T T T T T T T !
0.0 0.2 0.4 0.6 0.8 1.0

time/ns
Figure 37 comparator output waveform when Vin- is equal to 0.25V, and Vin+ is a 2GHz triangular pulse

and peak-to-peak value of 0.4V, which is similar to the situation in the double capacitor CCO.

Figure 38 shows the final design and output waveform of the comparator. The output
buffer is implemented with minimum size transistors. With the same input condition as

Figure 37, the output before the buffer is the same as Figure 37. But the output after the
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buffer has rail-to-rail voltage swing. The propagation delay now is approximately equal
to 60ps, which is approximately equal to 10% of the input signal period. Since the

maximum output frequency of the CCO is 1GHz, the comparator is good enough.

vdd 1.0 4

0.8 +
MP4:| I—Vb| MP3 W=1664nm
W=104nm MP6
I: I: W=104nm 0.6

o
=

Vin+ | Vin-
—| MP2 .
W=832nm :I W=832nm 0.4
Vo Vout
_ - — 0.2
W=832n| =
MNs:" e I:MNZ E—104nm I:MN? J k
W=g320m wegEom A W=104nm 0.0
T T T T T T T T T T T
J_ 0.0 0.2 0.4 0.6 0.8 1.0
- time/ns
(a) (b)

Figure 38 (a) final design of single stage open loop comparator with output buffer; (b) the output waveform

of (a) with the same input waveform as Figure 37

Next the double capacitor CCO is simulated. Figure 39 shows the biasing and sizing of

each transistor in the CCO. C1 and C2 both have the size of 8.96um x8.96um . The RS

latch is realized by two cross-coupled NOR?2 gates. The reference voltage is set to 0.30V

to achieve about 1GHz oscillation when the input current is 100uA.
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Figure 39 Biasing and sizing of each transistor in double capacitor CCO

At 100uA input current, the output waveform is shown in Figure 40. It’s shown that the
output waveforms are exactly complementary. The oscillation period is 0.9ns, so the

frequency is 1.1GHz.

1.0

0.8
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0.4
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time/ns

Figure 40 Output waveform of double capacitor CCO schematic simulation when input current is 100uA

Furthermore, the layout of the CCO is designed. Because of the differential amplifier in
the comparator and the current mirrors in this CCO, the common centroid layout is used

here for better matching. Figure 41 shows the layout of the circuit. The following
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paragraphs present the post layout simulation and comparison between schematic and

layout results.

Figure 41 double capacitor CCO layout

For the layout, an important design aspect is the metal width. If it is too small, then the
interconnect resistance is very high so that the voltage drop on the metal lines is large. On
the other hand, if it is too wide, the parasitic capacitance is a big problem. In the initial
layout used in this design, the metal line width was set to be large so that in the low
current range, the circuit did not oscillate. This issue was resolved when the metal lines

were resized.
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Figure 42 Output waveform of double capacitor CCO layout simulation when input current is 100uA

Figure 42 is the post layout simulation. The oscillation period is 1.097ns, so the frequency
is 0.91GHz. That the period is longer than predicted is fairly reasonable because of the
larger parasitic capacitance and resistance in the layout. Next it’s important to examine

the relationship between the input current and oscillation frequency relationship.

Figure 43(a) shows the oscillation frequency versus input current on the linear-linear scale
and Figure 43(b) is the same relationship on the log-log scale. Figure 43(a) shows that this
relationship deviates from linear to power law. And Figure 43(b) confirms this point.
Moreover, the schematic and layout follows the power law with almost the same power

index. By curve fitting, we can get the following relationship

111752, 70675
f?vchematic =10 x1

14
Fras = 1011638 5 0666
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Figure 43 CCO frequency versus input current (a) linear-linear scale; (b) log-log scale

That the frequency versus current gradually saturates is due to the delay of the
comparator and RS latch. So the ideal linear relationship saturates with increasing input
current. The actual relationship could be represented by

1
f;lctual = 1— (15)
—+T,
ideal

where T, is the total delay of the comparator and RS latch.

In this section, the CCO design and simulation results are presented. The key component
in CCO, the comparator, is simulated. The total delay of the comparator is approximately
60ps, which poses little issue when the input current is low. Simulation of the CCO
suggests that the input current range could be 10nA~100uA, and the corresponding
oscillation frequency is 2.5MHz~1GHz. The post layout simulation is also conducted.
The results are reasonable due to the increase of parasitic resistance and capacitance. The
frequency versus input current relationship is characterized, which shows a power law
dependence. The power index is approximately 0.67, which, since it is less than 1,

suggests the saturation behavior mentioned above. For this project, to be able to infer the
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input current from the measured frequency, the relationship between frequency and input

current has to be characterized.

4.2 On-chip Clock Simulation and Verification

In this section, the on chip clock is designed and simulated. Though the on chip clock is

realized using a simple ring oscillator, there are a lot of issues that need to be resolved.

The biggest problem is that in IBM 32nm SOI technology, the single stage inverter

propagation delay is extremely small. In order to get oscillation frequency as low as

2MHz, the stage numbers would be formidably large. Next, several types of single stage

designs are presented and simulated.

The first stage is a simple inverter with the minimum sizes. The transient simulation is

shown in Figure 44. It shows that the single stage propagation delay is

ity 1734098
d 2 >

ps=135ps
So to get a 2MHz clock, the number of stages needed would be

_5x10°

N =185185

which is extremely high and impractical to design for a ring oscillator.
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Figure 44 single stage of simple minimum sized inverter transient simulation

The next stage is the current starved single stage mentioned in section 3.2.1. The bias and
sizes of transistors are shown in Figure 45. To achieve considerable propagation delay, the

charging and discharging current should be highly restricted. Here “ContP” is chosen

PN
ContP=0.75V -
[ S— W=208nm
<_

W=208nm
in out
— ——

[ W=104nm
_>
ContN=0.15V |
o W=104nm
—’

Figure 45 biasing and sizing of transistors in current starved inverter
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to be 0.75V and “ContN” is chosen to be 0.15V. the transient behavior of such circuit is

shown in Figure 46. It shows that the single stage propagation delay is

1.2

in
out

1.0

0.8

0.6

0.4 -

0.2 -

0.0 — — —
0 5 10 15 20 25 30
time/ns

Figure 46 transient behavior of single stage current starved inverter biased at “ContP” equals 0.75V, while

“ContN” equals 0.15V

L+t _ 576+ 201
2

t,= ps =388.5ps (18)

which is much bigger than the single stage inverter. So the number of stages needed to

achieve 2MHz oscillation would be

5
N= ﬂ =643 19)
2x388.5

which is a fairly reasonable number. However, this is not the end. In order to achieve a
large single stage propagation delay, the bias is being pushed almost to the extreme. As a
result, the output waveform is highly deformed. If more stages are included, the
waveform would fade out. So in reality, the oscillation would be damped out and could

not sustain itself. This is verified in the 10 stages current starved inverter transient
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behavior as shown in Figure 47. The transient could not propagate far enough before it is

damped out.

in
out
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time/ns

Figure 47 transient behavior of 10 stages of current starved inverter biased at “ContP” equals 0.75V, while

“ContN” equals 0.15V

The third design is presented in section 3.2.1, which is a transmission gate based inverter
stage. The biasing and sizing of each transistor are shown in Figure 48. The biasing

“ContP” and “ContN” of the transmission gate are 0.75V and 0.15V, respectively.
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Figure 48 biasing and sizing of each transistors in transmission gate based inverter stage

As explained in section 3.2.1, this type of stage shows much more robust performance.
Figure 49 presents the transient behavior of this stage. Compared with the current starved
inverter stage, the transient of the transmission gate based inverter stage is much better.

The output waveform does not fade out and the propagation delay is

U t1,m 3564198

ps =277 ps (20

So to get 2MHz oscillation, the number of stages needed would be

5
=210 603 @1
554
1.0 4
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0.4 4
0.2 4
0.0 K : : k :

0 5 20

10 . 15
time/ns

Figure 49 transient behavior of transmission gate based inverter stage

The result is also applicable. Further simulation suggests that the propagation of the
transient along the stages is pretty good. And the number of stages is actually 401 to get a
2MHz oscillation. Next a ring oscillator composed of 401 stages of the transmission gate
based inverter is simulated. Figure 50 shows the schematic as well as the layout output

waveform of the ring oscillator when “ContP” equals 0.75V, while “ContN” equals
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Figure 51 layout of the ring oscillator

In this section, the on-chip clock is designed and simulated. By comparing different
single stage inverters, the transmission gate based single stage inverter is chosen. Because
it has a similar propagation delay as the current starved inverter stage, and it has similar
output waveform as the simple inverter stage. So it has the advantages of the other two
types, and at the same time, avoids the disadvantages of the other two. Final simulation
shows that a ring oscillator composed of 401 transmission gate based inverter stages has
an oscillation frequency of 2MHz in schematic, and 1.3MHz in layout. This meets the
requirement that the oscillation frequency should be less than the minimum CCO output

frequency, 2.5MHz.

4.3 Digital Read-out Circuit Simulation and Verification

In this section, the digital read-out circuit is designed and simulated. Figure 35 gives the

schematic of the 4 bit FSM. The schematic simulation result is shown in Figure 52.

—CLR
] —— COUNT
] — JAM

| | _{SS
U | |
| | L
1 (LTI

T T T T T T T T T
0 100 200 300 400
time/ns

Figure 52 Schematic simulation waveform of the 4bits FSM when input clock frequency is I00MHz

The FSM first outputs the “CLR” signal to clear the counter, then “COUNT” signal to

enable the counter. Then it outputs “JAM” signal to the shift register to latch the output
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of the counter. Finally, the “RO” signal is used to enable the shift register to shift out the

stored word bit by bit. From the waveform, the design requirement is fulfilled.

Figure 53 shows the layout of the 4bits FSM. It is designed in a very compact form.

Figure 53 The layout of the 4bits FSM

The post-layout simulation is shown in Figure 54. In comparison with Figure 52, we find
that the output waveforms of the schematic and layout are almost the same, except for

some little spurs in the layout simulation waveform. This is due to the fact that

CLR
—— COUNT
i — JAM
— RO
clk
T T T T T T T T T
0 100 200 300 400

time/ns

Figure 54 Post-layout simulation waveform of 4bits FSM when input clock frequency is 100MHz
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the additional parasitics introduced in the layout do not have a significant effect on the
output when the input clock frequency is as low as 100MHz. Since the designed clock
frequency is 2MHz, the circuit works adequately. Figure 55 shows the layout of a digital
read out circuit that integrates the 4bit FSM, 12bit counter, and 12bit shift register. The
whole digital read out circuit verification is put together with the whole system

introduced in section 4 .4.

Figure 55 layout of the digital read out circuit

4.4 Whole System Simulation and Verification
Up to this point, all the circuit components are simulated and verified except for the
whole digital read out circuit. In this section, all the components are integrated into the
whole system. Then the whole system is simulated and verified. Next two different cases
are tested. The first case is when the input current equals 1uA. The schematic simulation
result is shown in Figure 56. For 1uA input current, the CCO oscillation frequency is

43 4MHz, and the clock frequency is 2MHz. In this case the counter digital word would
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be 22, which is 0000 0001 0110 in binary format. And the simulation output is exactly

0000 0001 0110.

7- —CLR
| I‘ ‘I I\ —— COUNT
6 LS — FOUT
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clk
out

H
i
]

t/lus

Figure 56 schematic simulation waveform of the whole system when input current is 1uA.

Another input example is when the input current is 100nA. The output waveform is
shown in Figure 57. When input current is 100nA, the CCO output oscillation frequency is
9.5MHz. The clock frequency is still 2MHz. Because the counter stores the floor of the
number, so the digital word would be 4, which is 0000 0000 0100 in binary format. And

the output of the shift register is exactly 0000 0000 0100.

These two cases verify the system function. It shows that the digital word shifted out by
the shift register correctly measures the input current, which gives the information about

the total dose.
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Figure 57 schematic simulation waveform of the whole system when input current is 100nA

4.5 Conclusion
In this chapter, all the components in the circuit are designed and simulated, and further
the layouts are shown. In terms of the comparator, the open loop differential amplifier is
chosen. If the gain is not big enough, a second stage could also be added. A double
capacitor CCO structure is used here for better control and linearity. In terms of the on-
chip clock, the series transmission gate inverter is used and verified. The simulation
results show that all the components work very well and the system could function as a

whole.
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5. Validation of the On-chip TID Monitor

5.1 Introduction
All the simulation and verification work shown in Chapter 4 is done under the
assumption that only the input device leakage current increases, while the other on-chip
devices’ leakage currents do not change. However, this is usually not a good assumption.
Though the simulation results are promising in the case without leakage current, they do
not guarantee that it will work if all the transistors have the increasing leakage current. In
this chapter, we examine the effects of the leakage current in all the transistors and verify

that the circuit will still function well.

Apart from the leakage current, we should characterize the effect of threshold voltage
shift. For 32nm SOI technology, the transistor gate thickness is around 2nm, which is
extremely small, such that the threshold voltage shift is negligible. Especially in this
monitor circuit, most of the components are just functional components, like the
comparator and the digital read out block, which do not depend on the exact parameter
values. The analog part may be susceptible to the gain degradation after TID effect.
However, in this circuit the only analog part is the current mirror, which is used to mirror
the input current. Since the gain degradation has little effect on its performance, it can be

concluded that the threshold voltage shift has negligible effect in this circuit.

If only the leakage current is included, the different circuit components need to be

scrutinized separately. First for the digital part, which includes the digital read-out circuit
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and on-chip clock, the leakage current effect could be neglected. The reason is that for
typical digital circuit, for example an inverter, the leakage current always exists, but it
does not affect the function of the digital circuit. In addition, the transistors used in the
digital circuit are the smallest size transistors, which indicates that the leakage current
would be much smaller than the input leakage current. We can conclude that the digital
circuit would still function well under the increasing leakage current. But the speed of the
digital circuit may decrease. However speed is not a very important parameter in this
circuit, especially considering the already designed low speed of the digital circuit. So

this analysis focuses on the effects of leakage current on the current controlled oscillator.

Before we simulate the effect of the leakage current on the CCO, we need to make
several valid assumptions about the leakage current based on its behavior.

1. The leakage current is negligible for ON state transistors while substantial only
for OFF state transistors.

2. At any instant, the leakage current is assumed to be constant and only perturbs the
bias current. This is because the dose rate is limited [30], and to reach a given
total dose level, it needs a long time. Compared with the maximum oscillation
period of the CCO, which is 0.4us, the leakage current increases at an extremely
slow rate. So at any instant of the operation of CCO, the leakage current could be
considered to be constant, and perturb the bias current only.

3. The leakage current behaves quite differently for PMOS and NMOS transistors.
Because the radiation-induced charges are positive, they will never create the

back conducting channel for a PMOS FET. However the channel could be created
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in a NMOS FET. So the PMOS leakage current would be simply be neglected,
and the OFF state NMOS leakage current is the principal component that we care
about.

4. As a first order approximation, the leakage current density is assumed to be
constant across all the transistors, which simply means that the leakage current
scales with the transistor area. The effect of edge leakage will invalidate this
assumption, because the edge leakage does not scale with the area, instead it
scales with the perimeter.

Suppose the edge leakage current is /. and the back channel leakage current is /,;, then
together with the leakage current not caused by radiation /,,, the total leakage current

could be approximately rewritten in terms of the transistor width and length as

4
112110+115+f113 (22)

If we simply scale the width W’ = NW , the leakage current would not scale as expected,
ie., I/# NI, . Since

14
=L+ N1, + N, 23)

From simulation, it shows that I/, = NI,,. So the first two terms in equation (23)
approximately scale with the width. But the third term, the edge leakage, does not. It is
related with the number of transistor fingers. The more the fingers, the larger is the edge
leakage. As a result, if the first two terms dominate (the usual case), the leakage current
would scale as the width, but if the third term dominates, the leakage current would scale

as the number of fingers. So
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NI, <I), < NI, 24)

By proper choice of the width and the number of fingers of the sensing device, the

leakage current would be scaled.

Two leakage current models are presented. The first one is a voltage independent current
source model, and the other one is a voltage dependent parasitic transistor model. The
first one is crude because it only accounts for the back channel leakage current, which is
approximately constant at each instant, but it provides precious intuition into its behavior.
The second one is more accurate as it considers the voltage dependent leakage current,

such as the edge leakage.

5.2 Constant leakage current source model

After making these assumptions, we could now examine the leakage current effect on the

CCO. First, let’s look at the comparator with the first model. Figure 58 shows the added
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Figure 58 comparator with leakage current source connected in parallel with the three NMOS transistors
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leakage current sources /,;,1,,,1,; connected in parallel with the NMOS transistors MN1,

MNZ2, and MN3. In the CCO, the Vin- is set to be the reference voltage, which is 0.3V,

and Vin+ is the capacitor voltage, which is expected to increase linearly from O to V,,, . In

this input range, the MP1 and MP2 transistors are always ON, and so are the bias
transistors MN3, MP3, MP4, and MP5. So we neglect the PMOS transistor leakage
current and the bias transistors. And only the NMOS transistors leakage currents are

considered.

Applying the KCL at the critical nodes, we have

I.,=1,+1
P3 P1 P2 (25)
Iy =1y +1,
And because MN1 and MN2 are matched, the leakage current in them could be
considered to be equal. Then
Iy,+1,=1,+1, (26)

Then the charging and discharging current would be

Ie)p :IPZ_(IN2+IIZ)
=1,,—(I,,+1,) @7
=1, -1

So in a certain range, the leakage current has little effect on the first stage of the
comparator. This range is set by the condition that the leakage current should be less than
the input transistor current, namely

1,21, (28)
Or MNT1 current has to be reversed to satisfy the KCL rule, which is unphysical. And the
limit of the leakage current is hard to reach, because the input current is much larger than

the NMOS leakage current. Here the input current is at the range of 10nA~100uA, so the
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leakage current in the NMOS FET will be less than 10uA, which is safely below the input

transistor current. The simulation results verify this point.

Next, let analyze the effect of second stage leakage current /,;. Because I, directly

attaches to the output node, it only slightly affects the charging and discharging time of

the output capacitor. As long as 1,5 = 1,,, the circuit function will not change. As I, 1is
approximately equal to I, ,and [,, is close to [, , so this condition is the same condition

as I,, 21, . Figure 59 shows the simulation results
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Figure 59 results of comparator with parallel leakage current source with NMOS under different current

1.0

0.5

levels

of the comparator under different leakage current levels. It can be seen that up to 31.6uA,
the circuit function does not change, although with a little degradation of the gain, which
is a less important parameter here. At more than 56.2uA, the circuit fails to work, which

is just that the leakage current is more than the bias current, and the circuit won’t work in
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this situation. If we can size the transistors size such that the input current is more than 10
times the leakage current of the NMOS in the comparator, for the input current detection
range 10nA~100uA, the NMOS leakage current will never exceed 31.6uA. Moreover, the
comparator transistor could be resized such that the bias current could be doubled or
tripled, and the input current detection range could be further enhanced. All in all, we can
conclude that for a certain input current range, the comparator would still work fine with

little degradation. Next the whole CCO is examined and simulated.
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Figure 60 double capacitor CCO with leakage current source in parallel with NMOS transistors

Figure 60 shows the added leakage current sources in parallel with NMOS transistors.
Examining these two sources, we conclude that as long as the leakage current level does
not exceed the bias current, the circuit will still oscillate, but with a longer period. The
oscillation period is known to be (10) in section 3.1.1.2, but with the leakage current, it
changes to

2C‘/ref
T=—" (29)
I.-1

leakage
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For simulation, we assume that the NMOS leakage current [, =1, = %I . » which is just

the sizing effect. Besides, the NMOS FET in the comparator has the leakage current of

| -
— 1, . The simulation results are shown in Figure 61.

From the results, it is clear that the period is longer, but it is not that significant. The
behavior of the CCO does not change. So we can conclude that the leakage current would
have limited effect on the CCO function, and the CCO would still function well in the

presence of the leakage current.

—s— schematic_with_parallel_leakage_current_source
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Figure 61 comparison of CCO frequency versus input current relationship between the condition of no
leakage current and the condition of parallel leakage current source with NMOS (a) frequency vs. input

current on linear-linear scale; (b) frequency vs. input current on log-log scale

5.3 Voltage Dependent Current Source

Next the voltage dependent current source model is included. We attach a parasitic

NMOS transistor to each NMOS transistor in the CCO, and add a series voltage source
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with each parasitic transistor gate to model the voltage dependent behavior. Now, let’s

look at its behavior in the comparator. As shown in Figure 62, three parasitic

vdd

MP4

MP5
W=832nm
Vin-
|W=832nm Vo

W=1664nm

Vin+ |
W=832nm

MN3 MN3'
MN2 W=832nm

_ MN1
MN4:lg MN1':TI-‘—I|:MN2' v,
Wr832nm " \V=832nm W=832fm A

1

Figure 62 comparator with parallel parasitic transistor for each NMOS, and a constant voltage source is

connected to gates of each parasitic NMOS

NMOS transistors, MN1’, MN2’, and MN3’ are added in parallel to original NMOS
transistors. If the original NMOS transistors are working, it means that the drain node is
pulling down; the effect of the parasitic transistor effect would be diminishing, which is
expected for an ON NMOS transistor. And when the original transistors are cut off, the
drain node would be pulled high by the pull up branch, so the parasitic transistor effect
would be more evident, which is also expected. Next we simulate this circuit for the

minimum size parasitic transistors (W/L=104/40).
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Figure 63 results of comparator with parasitic transistor biased by V, , which sweeps from 0.10V to 0.40V

Figure 63 shows the comparator behavior under different bias conditions for the parasitic
transistors. It shows little degradation to the transient performance, but there is some gain
degradation of the comparator. So the comparator is reliable in this bias range. In this
range, the maximum parasitic transistor current is 14uA, which is fairly reasonable
compared with the maximum detection level of input current. Next, we need to examine
the effect in the whole CCO structure. Figure 64 presents the structure which includes the

parasitic transistor and the series voltage source connected with the parasitic transistor

gate.
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Figure 64 double capacitor CCO with parasitic transistor in parallel with NMOS transistors

When MN1, MN2 are ON, the drain node is pulled down, so that the parasitic transistor
MN1’ and MN2’ effects are small, as they are in the deep triode region, and hence its
current is very small. When MN1 and MN2 are OFF, the drain node is pulled up, so that
the parasitic transistor MN1’ and MN2’ current is more evident. For simulation, we
choose the smallest size for the parasitic transistors (W/L=104/40), and the bias such that

the parasitic transistor current is approximately 1/20 of the input current.
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Figure 65 results of double capacitor with parasitic transistor in parallel with NMOS transistors (a) linear-

linear scale; (b) log-log scale
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Figure 65 compares the CCO frequency versus input current relationship in three
different conditions, condition without leakage current, condition with parallel constant
current source leakage current, and condition with parallel parasitic transistor. It shows
that there is little change to the relationship in the detection current range as long as the
leakage current follows the scaling strictly. Although it may be different in reality, we

could still rely on the results in a certain range.

5.4 Conclusion
In this chapter, it is verified that when all the transistors in the circuit are exposed to the
TID effect, the circuit still functions well in certain range. This range is set by the circuit
bias current, which could be chosen high enough so that the circuit would function well
in the input current range 10nA~100uA. Both leakage current models verify the effect,

and they show similar results.
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6. Conclusions and Future Work

In this thesis, a fully embedded TID monitor is designed in SOI technology. Unlike the
traditional methods of designing TID monitors, which usually utilizes the radiation
induced threshold voltage shift, the radiation induced leakage current method is used here.
This method is simple and straightforward compared with the threshold voltage shift

method; in addition, it is accurate and fully embedded.

To apply the leakage current based method, a current controlled oscillator is designed,
which is used to convert the leakage current into a periodic wave for measurement. The
periodic wave output could be directly measured, or its frequency could be measured
through a counter and the digital word output by a shift register. The latter way of
measurement is adopted here, as it provides an easy way to measure and observe. The
simulation results of all the circuit components and whole system show good

performance and function.

Furthermore, the key question that is needed to answer is whether the circuit will work if
TID effects in all the transistors are considered. Neglecting the small threshold voltage
shift induced, we verify that the circuit will still work for a certain range of increase in
the leakage current. Simulation demonstrates that the leakage current tends to decrease
the CCO output frequency, but not too much. But the effect is not big and the circuit

works in the input current range of 10nA~100uA.

The next step is to fabricate the circuit and test it. By comparing the experiment and the

simulation, the circuit function could further be verified.
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