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Abstract. An integrated reset controller (voltage supervisor) is designed and imple-
mented. The system generates a reset signal, active while power supply brownout conditions
are detected and for 250 ms after the supply voltage has increased to acceptable levels. The
circuit is built in a Deep N-Well (DNW) 5V 0.35:m CMOS process, which provides good iso-
lation between the on-chip devices and the substrate. The controller is based on a comparator,
which uses a programmable voltage reference built with Floating Gate (FG) transistors. The
voltage supervisor’s operation is demonstrated by simulations and measurements. The charge
retention capability of the FG transistors is analyzed, using the Arrhenius model to estimate
behavior under normal operating conditions, based on its behavior at high temperatures.
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1. Introduction

Deep sub-micron processes provide an opportunity for low cost, very large scale integration
of mixed signal functions on the same chip [1, 2]. A significant technical challenge in IC design
is on-chip isolation, which is becoming increasingly important due to higher integration levels
at high working frequencies [1, 2]. The Deep N-Well (DNW) is an n-type layer buried inside
the epitaxial layer used in CMOS technologies. The addition of this layer is used to improve
transistors isolation and reduce substrate noise coupling in mixed-signal circuits [3].

Another technology with improved on-chip isolation is the Silicon-On-Insulator (SOI) pro-
cess. SOI has many advantages, such as lower parasitic capacitances and higher immunity to
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latch-up problems [3]. However, an important limitation of this technology is the high cost,
which is not the case for the DNW process.

This paper presents the implementation of a reset controller in a Deep N-Well process. These
voltage supervisors are employed in many applications to monitor the power supply of the sys-
tem. Supervising the power rails is essential for digital and mixed-signal architectures, in order
to protect the component logic circuits when a brownout occurs [3, 4].

The proposed voltage supervisor contains a non-volatile programmable reference voltage
implemented with FG transistors, used for determining the power supply threshold [4]. By im-
plementing the reset controller in a DNW process, the voltage required for programming the
voltage reference is reduced, which is a significant benefit in the case of low voltage ICs.

High reliability is required from systems that could cause injury if they malfunction. One
of those failures could be a supply voltage drop for a limited period of time, which needs to be
detected by the reset controller (even after years of operation). The power supply threshold’s
variation in time is related to the reliability of the floating gate transistors with which the pro-
grammable reference is built. The most crucial aspect of FG reliability for this application is thus
the charge retention on the floating gate [5] (the transistor’s threshold voltage is determined by
the charge on the FG).The charge retention is investigated experimentally in this paper, based on
the Arrhenius model.

2. DNW process description

The DNW process architecture is shown in Fig. 1. The Deep N-Well layer is connected
to the n-well and creates two vertical PN junctions: one with the formed isolated p-type region
in the surface (p- isolated, Fig.1) and the other with the substrate below. The DNW layer is
connected to the power supply (Vpp) through the n+/n—well sinks, while the p-type isolated
region is connected to ground (GND). The p- substrate is also tied to GND, in the standard DNW
process.

In the case of the reset controller described in this paper, a different substrate connection is
proposed. Due to packaging and design considerations, the p-substrate is coupled to (Vpp). As
a consequence, all of the circuit devices are built within the p- isolated region (Fig.1).
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Fig. 1.: Cross section of a Deep N—Well Process.

The reset controller pin-out requires that the lead frame be connected to (Vpp). The DNW
itself is also tied to the power supply voltage, thereby shorting the parasitic substrate-well diode.
Note that in a previous circuit implementation, the die, built on a p-type substrate with no DNW,
was attached to the lead frame using an insulating resin. This was a cost ineffective solution.
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Furthermore, the implementation of the reset controller in the described DNW process also
allows for a negative Vss voltage to be applied. This voltage is only used at the wafer level, while
the circuit is in test mode.

3. Charge Retention in Floating Gate Devices

A floating gate transistor, shown in Fig. 2, has an additional gate electrode, which is com-
pletely surrounded by dielectric. Being electrically isolated, this floating electrode can be used
to store charge, which makes the FG transistor a device with memory [6].
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Fig. 2.: Cross section of a Floating Gate (FG) transistor.

The phenomenon utilized for programming the floating gate charge is Fowler-Nordheim tun-
neling [6, 7]. If the floating gate is not charged then the device behaves like a normal n-type
MOSFET. A positive charge stored in the floating gate leads to the formation of an inversion
channel in the p-substrate region (Fig. 2). If the floating gate is negatively charged, then this
charge shields the channel region from the main control gate (CG) and prevents the formation of
a connection between source and drain [7].

The distinguishing characteristic of the FG transistor is that its threshold voltage (V) can
be controlled via the charge stored on the floating gate. An important feature of FG reliability is
correlated to charge retention on the floating gate [S]. Charge retention is defined by the ability
of the FG device to retain charge over long periods of time regardless of whether the part is
powered on or powered off [8—12].

Retention capability is analyzed by applying a thermal treatment (wafer level bake) after
programming the FG cell, which increases the natural rate at which the floating gate charge varies
through dielectric leakage [9-11]. By studying charge retention in this accelerated experiment,
the storage capabilities under normal operating conditions can be determined, using this formula:

tuse = AF - tsTrESS 3.1

where:

— tysg 1s the use time at room temperature under normal operating conditions,
— AF is the acceleration factor,

— tsTrESs 1S the stress time (the duration of the high temperature treatment).
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A rate coefficient (R) can be defined as the inverse value of time. Thus, tsTress and tysg
are equal to 1/RsrrEss and 1/ Ry s g respectively. In this manner, the acceleration factor from
(3.1) can be expressed as:

AF = Rsrrpss (3.2)

Ruse
The rate coefficient is calculated using the Arrhenius model, which is an industry standard
for estimating retention for floating gate devices [5, 8, 9]. This model is based on a theoretical
relationship between chemical reaction rates and temperature and is expressed by the formula:

Eq

R=A- exp( — ﬁ) 3..3)

where:

A is a constant [ s™1],

FE 4 is the activation energy [ KJ/ mol ],

— k is Boltzmann’s constant [ K = 8.314*10~2 KJ/ mol K],

T is temperature [K].

It can be observed in (3.3) that the rate coefficient varies with temperature and the activation
energy. The Arrhenius model is used to find the acceleration factor between a stress temperature
and a normal usage condition, which in turn can be used to de-rate results from an accelerated
stress test. If (3.3) is taken into consideration, (3.2) can be written as:

E
AF _ A . €:Ep(kTST;:Ess) — exp EA . EA (3 4)
A-exp( — Ea Kluse  kIstress )
kTuse

where Ty s g is the use temperature [K] and Tsrrpss is the stress temperature [K].

The acceleration factor becomes:
E 1 1
—A - (3..5)
k \Tuse TsrrESs

Based on relations (3.5) and (3.1), the Arrhenius model shows that a higher temperature
applied for a shorter time is equivalent to a larger duration under normal use (if TsrrEss is
greater than Ty gg, AF > 1, therefore tysp > tsTrESS)-

Considering a typical activation energy F 4 = 77.1 kJ/mol [9], with the stress temperature at
225°C (Tstress = 523K), and the use temperature at 27°C (Tysg = 300K), for a stress time
tsTrEss =24 hours (RsrrEss = 1.15-107°s71), the use time ;75 is 630 years, being obtain
using formulas (3.1) and (3.5). Equivalent use time values for several stress times were obtained
in the same manner and are given in Fig.3.

AF = exp
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Fig. 3.: The use time ¢;;gg at 27°C for stress conditions (ts7rEss) at diverse accelerated factors
(AF).

The variation of the charge on the floating gate over time translates into a change in the FG
transistor threshold voltage, V. It is preferable that Vg be used when studying retention,
since it is easier to measure and it has a direct effect in circuit operation. Since the purpose of
this investigation is determining the variation of the threshold voltage over time (with respect to
a target threshold voltage, Vrgr):

AVrg = Vru(tuse) — Vru(to) (3..6)

will be used to express retention experiments results. In eq. (3.6):

— Vru(tysg) is the threshold voltage of the FG transistor after being used in normal condi-
tions for a duration equal to tysg;

— Vru(to) is the programmed threshold voltage value (the value which will be obtained after
the programming process - initially targeted value is Vrgr).

If (3.1) is taken into consideration, the threshold voltage variation can be expressed as:

AVrg = Vru(AF -tsrress) — Vra(to) 3.7

Relation (3.7) suggests that the variation of the threshold voltage under normal use can be
determined based on its variation under stress conditions.
4. The proposed reset controller circuit

A. System Description

Reset controllers are employed in many applications to monitor the voltage of a power supply.
A voltage supervisor topology, proposed in this paper, is shown in Fig. 4. The schematic includes
a hysteresis comparator (Comp) and a delay logic block. The comparator utilizes a reference
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voltage Vrpr (variable with respect to Vp p), which is accurately programmed during test mode
[13—16]. The programmed value of the voltage reference depends on the monitored Vp p supply.
The delay logic block comprises a timeout generator, which uses a counter. The clock signal is
provided by an oscillator. The output of the circuit is driven by a push-pull stage, formed with
transistors M7 and M.

In Fig. 4, capacitors C and Cs are used as a capacitive divider, necessary in order to obtain
a fraction of Vpp. The resulting voltage is applied on the non-inverting input of the comparator
and is given by:

Cy
Vi = — .V 4..1
DIV = G, VPP 4.1)
' Vi V
TMMMEOUT
REF GENERATOR | OSCILLATOR | A

]
oL

- o S ' ¥ . RESET
Vorv /

Delay logic block

Fig. 4.: Reset controller block schematic.

The implementation of the voltage divider for obtaining Vpjy with capacitors leads to re-
duced area and current consumption, compared to other solutions [15]. The power supply thresh-
old voltage (Vrp) is the minimum power supply voltage for which RESSET = 1. When Vpp
is equal to the threshold voltage, Vrgr = Vpry. Thus, based on relation (4.1), the Vi p expres-
sion is obtained:

Ch+ Oy

Vrp = o Veer(Vbp) 4..2)
1

Vop=Vru

As seen in (4.2), this topology allows for the circuit to have a power supply threshold voltage
higher than the reference voltage. The reset controller monitors the voltage of the power supply
Vpp and, using the comparator, determines if it falls below a programmed Vrp value. As
soon as this happens, the comparator output becomes logic “0” and the signal is asserted low.
When Vpp rises above the threshold value, the comparator output switches to logic “1” and the
timeout generator is triggered. After a certain delay time (1), fixed by the Timeout Generator,
the RESSET output is set high by the logic blocks.
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B. Implementation of the comparator

One of the essential blocks used in the reset controller is the comparator [15]. The proper
operation of this comparator is conditioned by the accuracy of the voltage reference [14]. The
latter provides a stable voltage that is precisely programmed at the wafer level.

A recent approach in integrated circuits consists of using voltage references based on flash
devices [6]. One advanced method for designing this type of voltage reference includes a storage
transistor with a floating gate (FG).

The schematic of the comparator is shown in Fig. 5. This simple topology was chosen
because it fulfills the requirements of the current application in a satisfactory manner. For the
reset controller, propagation time and offset are important, while gain and resolution are not
essential (power supply voltage drops are usually large enough to be easily detectable).

In Fig. 5, the differential pair transistors )7 and ()2 are FG devices. The TD FG transistor
with an open source, behaves as a tunnel diode. Thus, TD is used during the programming
process, which involves the pins CG (the gate of the FG ), cell) and PD (the programmable
drain of the FG @ cell).

Vpp

—ILJQ.

Q. .'.Il—l——l 2, —iL 0,

Fig. 5.: Comparator Schematic.

The voltage reference is defined by the charge stored on the floating gate of the storage
transistor Q1. As such, by appropriate programming [16], the reference can be assigned any
voltage value (the programmed value depends on the monitored Vp p voltage). During test mode,
anegative voltage (Vsg) is applied on the CG and PD of the FG cell. In this manner, the threshold
voltage of (91 is set to a determined value, ensuring a predictable behavior for the FG transistors.
The applied negative voltage is imposed by the desired value of Vg r. The systematic offset is
cancelled by the FG programming, which, together with an accurately programed Vr g, leads
to a well-defined power supply threshold value. The hysteresis of the comparator is obtained in
an efficient manner (no quiescent current consumption), using the feedback topology described
in [15].
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The comparator biasing is done by the current mirror formed with transistors @5, Qg and
Q7. The current Ipra5 is generated by an internal Widlar current source. In Fig. 6, the input
and output waveforms for the comparator are shown. The voltage reference is referenced to the
power supply (initially Vz g is equal to Vrg). The voltage on the non-inverting input Vpy is
a fraction of the Vpp voltage.

Voltage

—— Vout
VRer
—— Vpiv
A — Vpp

Fig. 6.: Comparator input/output theoretical waveforms.

As Vpp rises, the voltages on the two inputs of the comparator also increase. Initially, for
low power supply voltages, Vpryv > Vgrper and the output of the comparator is low. Since
Vbrv is only a fraction of the supply voltage, it increases more slowly than Vygr. When Vpp
reaches the threshold value (at which Vpgpr exceeds the non-inverting inputs voltage, Vpry),
the comparator output switches to logic “1”.

5. Experimental Results
A. Reset controller simulations and measurements

The process used for modeling the devices was Deep N-well 0.35um CMOS 5V. The circuit
was simulated with the HSPICE simulator tool. The layout of the reset controller was done in
Tanner L-Edit. Two versions of the proposed reset controller were implemented.

Table 1 shows the simulated results for the following circuit parameters: Tp — the delay
time of the comparator and Tr — the reset active timeout period (additional delay for leaving
the RESET state). These parameters were analyzed at temperatures -40°C, 25°C and 125°C and
in all process corners via transient simulations, for an initial version of the reset controller. A
fairly high comparator response time can be observed. The timeout reset active period is in the
220-300 ms range.

The same parameters were also measured on 13 packaged circuit samples of the first imple-
mentation, at the same temperatures. The experimental results, averaged across all investigated
circuits, are given in Table 2.

A good agreement is observed between simulation and experimental results. The minor
differences between values can be attributed to the limitations of the simulation models and the
relatively low number of measured samples.
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Table 1.: Simulated values for reset controller parameters

Parameter - Value
Min Typ Max
Tp @33V &5.5V | 5.1us 10.0 s | 20.1 ps
Tr @ 3.3V 180ms | 232 ms | 280 ms
Tr @ 5.5V 220ms | 260 ms | 300 ms

Table 2.: Circuit parameters measured across 13 samples

Parameter - Value
Min Typ Max
Tp @33V &55V | 6.1us | 11.4us | 22.1 us
Tr @ 3.3V 175ms | 230 ms | 294 ms
Tr @ 5.5V 192ms | 245ms | 313 ms

Improvements were made in the second implementation of the circuit, especially with regards
to the comparator propagation time, by changing the aspect ratio of the transistors in the output
stage of the comparator. It is desirable that 7', be as low as possible, because this allows for the
detection of short-lived power supply fluctuations (which can still alter the logic state of a digital
circuit). The simulated values in Table 3 were obtained for the redesigned circuit. A halving of
the comparator delay time can be observed.

Table 3.: Simulated values for reset controller parameters - improved circuit

Parameter : Value
Min Typ Max
Tp @33V &S55V | 35us | 48us | 155 us
Tr @ 3.3V 195 ms | 225 ms | 266 ms
Tr @ 5.5V 219 ms | 252 ms | 299 ms

The improved comparator’s operation is demonstrated by the simulated waveforms from Fig.
7 (Vpp =5.5V), which are in a good agreement with the theoretical plots from Fig. 6.
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Fig. 7.: Simulated comparator input/output waveforms.
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The layout of the second reset controller implementation is shown in Fig. 8. The circuit has
four pads: Vpp, Vss, GND and RESFET. TheVgg pad is used only at the wafer level and thus
not accessible to the user. The chip dimensions are 410pm x 510pm.

Fig. 8.: The layout of the proposed reset controller (color online).

B. Floating gate charge retention experiments

The newest experiment for this paper was focused on the charge retention characteristics of
the floating gate transistors used, which constitute an essential component of the reset controller
presented in this paper.

The first step of the the charge retention experiment is programming all the FG cells on a
wafer at 27°C. After this process, approximatively 1.2% FG cells failed, losing their charge. The
remaining devices were subjected to a stress temperature of 225°C, performed in an oven with
nitrogen ambient. The stress times used ranged from 24h to 1500h. Naturally, in order to evaluate
retention, the threshold voltage (dependent on the FG charge) of the devices was measured.

In the manner described above, the dependence of the relative variation of the threshold
voltage on a wafer (initially targeted for Vg7 equal to 2.5V, 3.5V and respectively 4.5V) on
stress time is obtained (Fig. 9). For the plots in Fig. 9, the average threshold voltage evaluated
at the wafer level was considered (based on this value the relative variation was determined).

As the stress time is raised, the stored charge (and thus Vrg) also increases. For larger
threshold voltages, the relative variation of Vg is less than the variation for smaller thresholds,
it increases significantly. For instance, after 1500h of thermal treatment, the relative average
of Vg, in the case of a 2.5V target threshold voltage, is 217ppm, while the same scenario for
Vrur =4.5V gives a variation of 86 ppm.
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Fig. 9.: Relative variation of the threshold voltage vs. stress time (color online).

The variation of the relative average of the threshold voltage is further interpreted in Table
4. The programmed FG cells are functional under stress for 1500h at 225°C. This means that at
2°C, the relative threshold voltage will vary by an average of approximately 147ppm in 39945
years, as can be seen in Table 5. The values presented in Table 5 were determined using the
analytical method described in Section 3 (similar to the plots in Fig. 3).

Table 4.: The relative variation of the threshold voltage with stress time at a stress temperature
of 225°C

tsTrEss|h] 24 48 75 145 477 1000 | 1500
AVrg[ppm|QVrgr = 2.5V | 35.8 | 70.6 | 88.1 | 109.1 | 153.9 | 195.3 | 217.1
AVrgppm|QVrgr = 3.5V | 29.9 | 47.5 | 57.3 | 749 | 1024 | 125.6 | 139.4
AVrppm|QVrgr = 4.5V | 27.9 | 355 | 382 | 46.6 58.6 71.5 86.1

Table 5.: Thermal treatment acceleration effect (225°C stress vs. 27°C normal used)

tsTrESss@225°C | 24h 48h 75h 145h | 477h 1000h | 1500h
° 630 1260 | 2000 | 3806 | 12671 | 26821 | 39945

tsp@27°C

years | years | years | years | years | years | years

The evolution of the wafer-level yield (i.e. the percentage of FG cells operating properly) with
stress time for the three desired threshold voltages is presented in Fig. 10. After programming the
FG cells, the yield decreased by approximately 3%. The constancy of the yield values beyond
this initial decrease (in all three cases) demonstrates the high reliability of the process. These
results and the ones presented in Fig. 9 suggest that the designed reset controller could operate
properly for prolonged period of time and that, if any failure occurs, it is unlikely to have been
caused by the FG cell.
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Distributions of the threshold voltage variation, as expressed in (3.6), were obtained exper-
imentally for several wafers and two target values (2.5 V and 4.5 V). The evolution of these
distributions under thermal treatment (after 24h, 100h and 1500h) was also investigated, result-
ing in plots in Fig. 11 — Fig. 16. All means and standard deviations are expressed in mV.
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Fig. 11.: Threshold voltage distribution for
24h stress time at target value 2.5V
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Following the evolution of the distributions as stress time increased, we can observe the same
behavior seen in Fig. 9 (i.e. the threshold voltage increases in time). After 1500h of stress times
for wafer 4 with Vrpr=2.5V, the variation of the threshold voltage mean is centered at 39.24mV.
For the same wafer, in 99.7% of chips, the threshold voltage is between 3.99mV and 74.49mV.
In the case of the 4.5V target threshold voltage (same wafer), a variation between -44.96mV
and 31.56mV is observed, which means that the variation for all samples did not exceed 3% for
1500h in 39945 years.

6. Conclusions

A programmable voltage supervisor was designed, implemented and tested. The circuit gen-
erates a reset signal, when the power supply voltage is lower than a programmed threshold value.
The reset controller was implemented in a Deep N-Well 5V 0.35um CMOS process, which has
enhanced on-chip isolation, but at a lower cost than SOI. One important advantage of this tech-
nology is that it allows for the p-substrate to be connected to the power supply voltage.

The reset controller uses a programmable voltage reference, which is built using floating
gate devices. The power supply threshold voltage is dependent on the programmable voltage
reference and can be set to any value demanded by the customer.

The comparator used in the voltage supervisor was redesigned to have a typical propagation
time of ~5 ps, in order to allow for the detection of short spikes in the power supply voltage.
The ~250 ms timeout interval is used for protecting digital circuits for an additional period of
time after brownout conditions are no longer detected.

A methodology for estimating charge retention on the floating gate of a FGMOS transistor
(a crucial device of the comparator used in the reset controller) was developed based on the
Arrhenius model. For this purpose, a thermal treatment was applied at 225°C and the variation
of the FG transistor threshold voltage was measured.

A maximum variation of around 220 ppm was observed after 1500h of thermal treatment,
which is equivalent to a room temperature usage of approximately 40000 years. Note that all the
FG cells resisted under the stress imposed, as evinced by the non-variant yield evolution during
the thermal treatment. The distribution of the threshold voltage was determined for multiple
wafers with two desired values (2.5 V and 4.5 V) and after several stress times. The maximum
deviation from the target value observed for all cases was around 100 mV (after 1500h of thermal
treatment).

References

[1] AncaMihaela DRAGAN, Alina NEGUT, Vlad ANGHEL, Andrei ENACHE, Gheorghe BREZEANU,
A Matter of Isolation A Reset Controller Using Deep N-Well and Floating Gates Technologies, in:
Proceedings of the International Semiconductor Conference (CAS), Sinaia, Romania, pp 297-300,
2017.

[2] J. Mo KOO, P. Raj VERMA, G. ZHANG, Semiconductor Device Including A N Well Structure, Patent
US20150311338A1, 2015.

[3] M. EMAM and J-P. RASKIN, Partially Depleted SOI Versus Deep N-Well Protected Bulk-SI MOS-
FETs: A High Temperature RF Study for Low-Voltage Low-Power Applications, IEEE Transactions
on Microwave Theory and Techniques, 61(4), 2013.



48

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

(13]
[14]

[15]

(16]

A. M. Dragan et al.

I. POENARU, S. EFTIMIE and S. GEORGESCU, Precision Non-Volatile CMOS Reference Circuit,
US7245536B1, 2007.

W. NELSON, Analysis of Accelerated Life Test Data- Part 1: The Arrhenius Model and Graphical
Methods, IEEE Transactions on Electrical Insulation, 6(4), 1971.

T. LANDE, Overview of Floating-Gate Devices, Circuits and Systems, IEEE Transactions on circuits
and systems-II: Analog and Digital Signal Processing, 48(1), 2001.

Eng Huat TOH, Chung Foong TAN, Shyue Seng TAN, Jae Gon LEE, Elgin QUEK, Non-Volatile
Memory Utilizing Impact Ionization and Tunnelling and Method of Manufacturing Thereof, Patent
US008750037B2, 2014.

B. GLEIXNER, A. PIROVANO, J. SARKAR, F. OTTOGALLLI, E. TORTORELLI, M. TOSI, R. BEZ,
Data Retention Characterisation of Phase-Change Memory Arrays, IEEE, 2007.

M. NISET, P. KUHN, Typical Data Retention for Nonvolatile Memory, Freescale Semiconductor,
Engineering Bulletin, 2005.

F. BAYLE, A. METTAS, Temperature Acceleration Models in Reliability Predictions: Justification &
Improvements, IEEE, 2010.

C. LIAO, S. TSENG, Optimal design for step-stress accelerated degradation tests, IEEE Transactions
on Reliability, 55, 2006.

W. NELSON, Accelerated Life Testing Step-Stress Models and Data Analyses, IEEE Transactions on
Reliability, R-29, 1980.

S. GEORGESCU, I. POENARU, Non-Volatile CMOS Reference Circuit, Patent US7149123, 2005.

S. GEORGESCU, 1. POENARU, Precision Non Volatile CMOS Reference Circuit, Patent
US7245536B1, 2007.

I. POENARU, A. NEGUT and S. GEORGESCU, Hysteresis Circuit Without Static Quiescent Current,
Patent US200080238513, 2007.

S. SAKHUIJA, 1. POENARU, Programmable Analog Bias Circuit Using Floating Gate CMOS Tech-
nology, Patent US6970037B2, 2005.



