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THE RELIABILITY IMPROVEMENT METHOD FOR THE BANDGAP
REFERENCE WITH THIN OXIDE TRANSISTORS

Nowadays the sizes of CMOS (complementary metal-oxide-semiconductor) technology
elements are shrinking to critical dimensions. As a result, previously negligible physical
phenomena begin to manifest, whose effects are insignificant at higher technology levels.
Supply voltage does not scale proportionally, and the gate dielectric thickness decreases,
subjecting devices to stronger electric fields, thus causing stress on transistors and decreasing
reliability.

A method is proposed for designing of bandgap reference with usage of only thin oxide
devices, which are improved reliability of circuit and protected from stress conditions.

Keywords: CMOS, stress, reliability, aging, thin oxide device, bandgap reference.

Introduction. Continued scaling in modern submicron technologies makes
ensuring the reliable and uninterrupted operation of integrated circuits (ICs) more
challenging. The reliability of system operation is influenced by both internal and
external factors. To anticipate such effects, it is necessary to model systems correctly
during the design process [1].

One phenomenon that leads to a deterioration in the reliability of blocks is
aging. Therefore, ignoring the impact of aging effects will lead to a decrease in the
production of reliable ICs.

The deterioration of circuit characteristics over time is known as aging. This
is primarily due to the degradation of the gate oxide layer and the interface between
the gate dielectric and silicon over time [2]. The two main aging effects are Hot
Carrier Injection (HCI) and Bias Temperature Instability (BTI). This work presents
methods to reduce the circuit degradation and proposes alternatives to the existing
solutions.

In technological processes below S5nm, semiconductor manufacturers face
difficulties in fabricating transistors with thick gate oxide layers. This necessitates
replacing all transistors with devices featuring thin gate oxide layers, complicating
the IC design stages.

Analog components, which play a significant role in modern ICs, are
responsible for receiving, processing, and transmitting signals (information) from
one system to another. These are also the most sensitive parts of ICs. A significant
portion of such systems consists of operational amplifiers that use high supply
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voltages to ensure a high DC gain and a wide input signal frequency range. Analog
circuits include voltage and current systems. In some analog circuits, such as
voltage regulators, digital-to-analog and analog-to-digital converters, it is necessary
to have bandgap reference with high precision. In other words, the accuracy of
such circuits depends on the precision of the bandgap reference. Ideally, Bandgap
reference should be independent of the technological process, supply voltage, and
temperature changes. However, it is impossible to isolate the system from
environmental influences. From this perspective, it is necessary to have
temperature-independent bandgap reference.

The proposed solution and simulation results. The concept behind a
traditional bandgap reference voltage source involves combining two voltages: one
with a positive temperature coefficient (the voltage difference between the base
and emitter of two bipolar transistors) and the other with a negative temperature
coefficient (the base-emitter voltage, VBE). This combination produces a stable
reference voltage. Its expression is:

Vier=Vge + KVr.
Among them, VBE represents the forward bias voltage from the base to the

emitter of the bipolar transistor, K is a constant, and the Vr thermal voltage.
The traditional bandgap reference power supply structure is shown in Fig.1.
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Fig. 1. A traditional bandgap reference voltage source

As shown in Fig. 1, this design employs an operational amplifier to equalize
the voltages at points X and Y. The amplifier’s output reference voltage is then fed
back to the bases of transistors Q1 and Q2 [3].

For the development and analysis of the bandgap reference and to test the
methods for reducing the effects of aging on transistor parameters, Synopsys'
Galaxy Custom Designer [4] schematic editor is used.
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Operational amplifier. In the first stage, an operational amplifier with an
embedded cascode is designed. Folded-cascode operational amplifiers are widely
used inside bandgap reference to provide high DC gain. In addition to the main
constituent transistors, the circuit also includes transistors that enable power the
operation down. These transistors are marked with dashed lines: M41, M42, M43,
M44, and M54.

The schematic view (Fig. 2) and the HSPICE simulation results (Fig. 3) of
the folded-cascode operational amplifier designed by SAED14nm FinFET
technology are presented below [5-7].
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Fig. 3. The AC characteristic of the designed folded-cascode op-amp
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e Transistor M41 in power down mode sets the output of the operational
amplifier to 0 (VSS) while also setting the same value on the drains of transistors
M29 and M24.

e Transistor M43 sets a value of 0 on the gate of transistor M29, on the gate
and drain of transistor M29, and on the drain of transistor M27.

e Transistor M42 sets a value of 0 on the gate of transistor M32, on the gate
and drain of transistor M36, and on the drain of M35.

e Transistor M44 sets the VDD value on the gates of transistors M56, M25,
and M35, as well as on the gate and drain of M37.

e Transistor M54 sets the VDD value on the gates of M24, M27, and M51,
on the drain of transistor M49, and on the source and gate of transistor M50.

When the circuit is switched to the power down mode, overvoltages occur on
the following transistors: M41, M42, M43, M44, M54.

To prevent overvoltages in the circuit, an operational amplifier circuit is
developed with added transmission gates and transistors (Fig. 4), setting 0 and
VDD values on all terminals of the n-channel and p-channel transistors,
respectively.

The effect of the added transistors preventing overvoltages is implemented
as follows:

Fig. 4. The schematic view of the folded-cascode op-amp after modifications

e Transistor M35 before the modifications, in the power down mode, the
drain value of transistor M35 was 0. Now, transistor M58 sets the drain value to
VDD. A transmission gate, consisting of transistors M57 and M59, acts as a switch
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that disconnects the connection between the drains of M35 and M36 during power
down mode. Without the transmission gate, this connection would cause a short
between VDD and VSS.

o Transistors M71 and M73 set the drain and source values of transistor M27
to VDD in the power down mode. Consequently, the voltage between the terminals
of M27 equals zero, as transistor M54 sets the gate value to VDD. To avoid a short,
a transmission gate consisting of transistors M66 and M67 disconnects the
connection between the drains of M27 and M28 during the power down mode.

o Transistors M70 and M72 set the drain and source values of transistor M24
to VDD in power down mode, preventing overvoltages between the transistor's
terminals. Transistors M64 and M65 serve as transmission gates to disconnect the
connection between the drains of M24 and M29, avoiding a short between VDD
and VSS.

o Transistors M72 and M73 set the drain values of M56 and M25 transistors
to VDD, while transmission gates, consisting of transistor pairs M62-M63 and
M60-M61, disconnect the drains from transistors M31 and M30, respectively.

e Modifications to the M30 and M31 input differential pair transistors are
made at a higher level.

o Transistor M69 sets the drain value of M32 to VSS in the power down
mode.

¢ In this way we also protect transistors M27 M24, M56, M25, M32, M30
and M31.

o After those changes, aging simulations are performed, and it is found that
problems are solved and there is no significant degradation in the power down
mode (Table 1).

Table 1
Vi and 1. values of devices for folded-cascode operational amplifier before and after
modifications
) Power down mode before Power down mode after
Transistors modifications modification
Name AV (mV) Al (%) AV (mV) Al (%)
M35 197 19,9 0,9 1,4
M31, M30 200 20,7 1,1 1,9
M25, M56 243 23,7 25 3,5
M27, M24 245 23,9 27 3,9
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Bandgap reference. Some of the critical components of the bandgap
reference (Fig. 5) are the transistors serving as current sources. It is essential to
reduce the aging effects on transistors M6, M7, and M8. The pair of transistors M6
and M7 equalizes the input voltages of the operational amplifier, thereby creating a
voltage independent of absolute temperature. Transistor M8 copies the current
flowing through M6 and M7 and, using a voltage divider, provides different
reference voltage values. Aging in bipolar transistors often occurs due to bias
temperature instability. However, in this case, the base of the bipolar transistors is
connected to the collector, preventing reverse bias. Even so, possible degradation
should not be ruled out. If resistors degrade, the parameter shifts will be identical,
so resistor degradation will not affect the reference voltage value. Nevertheless, to
fully protect against aging phenomena, the likelihood of resistor degradation must
also be reduced.
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Fig. 5. The scheme of the bandgap reference

e The sources of M6, M7 and M8 transistors are connected to the high-
voltage source VDD. The drain voltage varies during operation, but in the power
down mode, the drains are set to 0. The output of the operational amplifier, which
is set to 0 in the power down mode, is connected to the gates of the transistors. In
the power down mode, this causes an overvoltage between the source and the gate.
Additionally, the voltage difference between the source and the gate is sufficient to
keep the transistors in the ON state.
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o The bases and collectors of Q1 and Q2 bipolar transistors are connected to
the low-voltage source VDD, whose value is 0. The emitter of Q1 is connected to
the operational amplifier input, while the emitter of Q2 is connected to a resistor
whose other terminal is connected to the other operational amplifier input. The
floating value at the inputs of the operational amplifier in the power the down
mode occurs due to the bipolar transistors.

® One terminal of the R4 resistor (or the terminal of the last resistor in a
parallel connection) is connected to VSS, which is 0, while the other terminal is
connected to the drain of transistor M8, which, in the power down mode, has a floating
value. This can result in leakage current, albeit small. However, for designing
circuits that minimize the aging-induced degradation, it is necessary to eliminate
the potential floating values on conductors.

To prevent overvoltages in the proposed bandgap reference (Fig. 6), transmission
gates and transistors which are added set VDD values on all terminals of p-channel
transistors and set 0 values on the operational amplifier inputs and circuit output in
the power down mode.
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Fig. 6. The scheme of the bandgap reference after modification

The effect of the added transistors preventing overvoltages is implemented
as follows:

o Transistor M19 sets the gates of M6, M7, and M8 transistors to VDD in the
power down mode, disabling them. Transistors M10, M11, and M12 set the drains
of M6, M7, and M8 to VDD, respectively.
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e Transistor M18 sets the emitter of the Q1 bipolar transistor to 0 in the
power down mode. Additionally, the transistor pair M64-M65, serving as a
transmission gate, disconnects the connection between the drain of M7 and the
emitter of Q1 and resistor R3, preventing a short between VDD and VSS.

e Transistor M17 sets the second terminal of resistor R1 to 0 in the power
down mode, while the transmission gate, consisting of transistors M13-M14,
disconnects the drain of M6 from resistors R1 and R2, preventing a short between
VDD and VSS.

e With transistor M29, the voltage drops across resistor R4 in the power
down mode equalling to zero. The transistor pair M15-M16 disconnects the resistor
from transistor M8, preventing a short.

At the output of the operational amplifier, a value of 0 is set in the power
down mode using transistor M41 (Fig. 4). Additionally, the output of the operational
amplifier is connected to the gates of transistors M6, M7, and M8 which in the power
down mode are set to VDD by transistor M19 (Fig. 4), leading to a short between
VDD and VSS. To address this, a transistor pair M20-M21 (transmission gate) is
added to disconnect the connection between the operational amplifier output and
the gates of transistors M6, M7, and MS.

The gates of the input differential pair transistors M30 and M31 are set to 0
in the power down mode using transistors M17 and M18. Transmission gates,
consisting of transistor pairs M13-M14 and M64-M65, disconnect the inputs of the
operational amplifier from transistors M6 and M7, respectively.

Conclusion. Circuits have been developed only using thin oxide devices.
The aging effects are studied on a bandgap reference, operating in the power-down
mode. It is observed that, with the standard architecture, aging serious impacted the
primary parameters of the amplifier, particularly in the power-down mode, due to
the stress conditions affecting the thin oxide devices. New schematic solutions
have been implemented to prevent the stress conditions on the devices due to aging
degradation in a 10-year lifetime.

The summary table of the designed bandgap reference before and after the
proposed design updates, with a 10-year aging is summarized in Table 2.

Table 2
Results of bandgap reference before and after the proposed design updates

Parametrs Initial Before modification After modification
Gain (dB) 60.5 42.3 56.1

Viet (mV) 800 + 8 600 + 40 750 £ 12

Lrer (mA) 0,25 0,19 0,24
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Q.U. NUIULBUL

PULTY ORUPYE TEBSNY, SCULRRUSACMLENNY, ZGLUUUSPL LULSUUL
Uunesnhrh ZO0hUULPNRESUL fUM2MUSTUL UENY

Ukpluynuiu WUOY (Yndyjtdkinwn dbwnwn-opuhn Yhuwhwnnpnhy) wnkjtuninghuygh
wnwnpplph swhtpp hwuk) Bu jphunhjujuth: Upgyniipnid ujund B b hwjn qu twpaljh-
unud whipwt $hqhjulub kplinypubp, npnug wqpkgnipiniup wbkh pupdp nkjuiininghw-
Jub dwjuppuljubpnid whtjuwn bp: Utdwy jupnudubpp hwdwywnwueow YEpuyng sk
dwuonwpwynpynid, thuuwh nhhEuphih hwunnipniup hoppwunud k, hush wpnynib-
pnud uwppbpp Eipupyymd kb nidbn HEjnpujui quonh wqpbgnpjutl wowgwgityng
upptiu mpwtighunnpubpnid b hntuwhnipjut twuqnud:

Unwownlynud k twpuwgdudwi dbpnr, npp poy) k wwjhu uinbndt) hkbwljuyghtt jupdw
wnpmip’ oguugnpstyny dhwyh pupuly opuhnh skpuiny npwbghunnpbp, npnip wwown-
wyuidwsd ki upphuughtt wuwydwibphg b wywhnynud Eu ujubduygh pupdp hntuwhnipenii:

Unwbagpuyhl punk. TYU0Y, upphu, hntuwhnipnil, skpugnud, pupuly opuhnh obp-
wnny npwbqhuwnnp, hktwuyhtt jupdw wnpynip:
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I''A. BOCKAHSH

METO/J HOBBIINEHUA HAAEXKHOCTH HCTOYHHUKA OIIOPHOT'O
HAIIPSKEHUS C TOHKUMHU OKCU/HBIMHU CJI0AMU
TPAH3UCTOPOB

B Hacrosiiee Bpemst pazmepsl aseMeHToB TexHojoruun KMOII (komrieMeHTapHbIi
METaJJI-OKCH-MIOTYIPOBOIHUK) YMEHBIIAIOTCA 10 KPUTHYECKUX pa3MepoB. B pesymbraTe
HAYMHAIOT MPOSIBIATHCS paHee He3HAuMTeNbHbIE (PU3HUECKUe SBICHUS, BIUSHHE KOTOPBIX
ObUIO HECYIIECTBEHHBIM Ha OOJice BBICOKHMX pa3Mepax TexXHOJIOrui. llnTaromiee HampspkeHHE
HE YMEHBIIAETCs! TPOTOPIIHOHAIBHO, a TOJIIMHA TUAJIEKTPUKA 3aTBOPA yMEHBIIAETCSI, TIO/-
Bepras ycTpolcTBa 0osee CHIBHBIM 3JIEKTPUIECKUM IOJISIM, YTO BBI3BIBACT HANPSDKEHHUE HA
TPaH3UCTOPAX U CHIXKAET MX HAJEKHOCTb.

[Ipennaraercst MeTo[ NMPOEKTUPOBAHMS ONOPHOTO HMCTOYHHMKA HANPSDKEHHS C HC-
10JIb30BAaHUEM TOJIBKO TOHKHX OKCHHBIX MPUOOPOB, KOTOPBIE 00JIaIal0T yIyqIIeHHON Ha-
JCKHOCTBIO CXEMbI U 3alllUIIICHBI OT yCJ'IOBl/Iﬁ HalpsKECHU.

Knrwueswie cnoea: KMOII, ctpecc, HaieKHOCTh, CTApEHHUE, TPAH3UCTOP C TOHKHM
OKCHJIOM, ONIOPHBIN UCTOYHUK HAIPSHKEHHUS.
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