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THE AGING INFLUENCE MINIMIZATION METHOD FOR
OPERATIONAL AMPLIFIERS WITH THIN OXIDE TRANSISTORS

Nowadays CMOS technology feature size is being scaled aggressively. Supply
voltage is not proportionally scaled, gate dielectric thickness is reduced and as a result, the
devices are subjected to stronger electric fields, thereby causing stress on transistor. Stress
causes aging degradation, which can lead to dramatic consequences on mobile devices,
aircraft, military systems, or medical devices.

A method is proposed for designing two types of operational amplifiers with usage
of only thin oxide devices, which are protected from stress conditions, namely from aging
degradation. The proposed methods can also be implemented on other types of operational
amplifiers.
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Introduction. Continued scaling in modern submicron technologies leads to
challenges in the design of integrated circuits (ICs). The increase of deviations in
inter-circuit and intra-circuit ICs which is specific to 14nm and smaller technologies,
as well as dramatic increase of the influence of various short-channel phenomena,
complicate the design process [1]. Aging is one of those phenomena that leads to
the deterioration of the reliability of the blocks. Therefore, not taking aging into
account results in decrease in the yield of the ICs, and consequently decrease the
profit [2].

Aging is the degradation of circuit performance during the time. It is mainly
due to the degradation of the gate oxide and of the interface between the gate
dielectric and silicon over time [3]. Two major aging effects are:

e Hot Carrier Injection (HCI): High electric field near the Si—SiO2 interface
causes electrons or holes to gain sufficient energy from the electric field for crossing
the interface potential barrier and enter into the oxide layer, which causes an increase
in threshold voltage (Vi) and mobility degradation [4];

e Bias Temperature Instability (BTI): Threshold voltage shifts after a negative
bias for PMOS, and positive bias for NMOS is applied at elevated temperatures.
BTI has two phases:

1. Stress phase: Traps are generated at the Si-SiO2 interface and gate dielectric
causing the magnitude of the threshold voltage to increase.
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2. Relaxation phase: Some of the interface traps are removed causing the
Vth to decrease, but the recovery cannot completely compensate the effect of the
stress phase.

Consequently, the overall effect of BTI is an increase in the magnitude of
threshold voltage and decrease in Iy (linear/saturation) over time [5, 6].

In some technological processes below 5 nm semiconductor manufacturing
companies are facing difficulties for fabrication of transistors with thick gate oxide,
which necessitates to replace all thick oxide devices with thin oxide devices,
thereby causing difficulties at the design stages [7]. Inside the modern ICs, a major
role are playing analog parts, which are responsible for receiving, processing, and
transferring the information from one system to the other, furthermore they also are
the most sensitive parts of ICs [8]. The majority of them, of which most important
are operational amplifiers, are using high supply voltages for having high DC gain
and a large working range [9]. Hitherto operational amplifiers are designed with
thick oxide devices, and their replacement with thin oxide can cause stress, because
of high supply voltages. Stress conditions between two terminals of a thin oxide
transistor are lower than for a thick oxide transistor. All thin oxide transistors are
designed and fabricated to have a maximum voltage difference between terminals
(gate-drain (Vap), gate-source (Vgs), drain-source (Vps)) equal to low supply volta-
ge, and using them in high supply voltage analog blocks can cause stress on those
devices, which will lead to more aging degradation. This problem needs a solution
to make the devices work under non-stress conditions.

The proposed solution and simulation results. In order to solve the device
overstress issue and to provide acceptable conditions for the device functionality,
cascading and connecting floating nodes to the bias voltage methods could be used
(Fig.1) [10]. With these simple methods devices will be under working conditions
defined by factories (no stress) and will have much longer lifetime. Generally, the
cascode transistors gate receives bias voltage which limits source voltage of NMO-
S below bias voltage and source voltage of PMOS above bias voltage, otherwise
transistors will be closed. The correctly chosen bias voltage value for cascode
devices will lead to a desirable effect, that is no stress in the circuit.

The vpbias and vnbias values could be generated using voltage dividers or
bandgap reference, with proper matching techniques in layout the voltage should
not vary more than 5%. The PB and NB signals are also for protecting devices from
stress, they can be applied from multi output level converters [11]. For PB signal
low level is vpbias and high level is VDDH, and for NB signal it is 0 and vnbias
correspondingly.

These methods have been used to solve overstress issues in 2 types of
operational amplifiers, which will be introduced and discussed in detail in the next
sections.
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Fig. 1. Cascading and connecting floating nodes to the bias the voltage methods

1. The Two-Stage operational amplifier. Two-stage is one of most common
types of operational amplifiers, which is to provide high DC gain and is usually
used inside the biasing circuits. The schematic view (Fig. 2) and HSPICE simulation
results (Fig. 3) of the two-stage operational amplifier designed by SAED14nm
FinFET technology are presented below [10, 12, 13].
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Fig. 2. Schematic view of the two-stage op-amp
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Fig. 3. Ac characteristic of the designed two-stage op-amp

The transistors indicated in dashes are used to enter circuit to the power down
mode. The P1, P2 and P3 transistors cut all the paths for the current flow, and P4
pulls up output to VDDH. Nowadays, almost all circuits have the power down
mode, some circuits can even spend more time of their life in that mode than in the
normal operating mode. Thus, it’s necessary to take into account the design challenges
at power down mode in order to avoid stress, which can cause aging degradation.

To evaluate the aging effect on the parameters of the two-stage operational
amplifier, we need to perform aging simulations. The goal of the aging simulation
is to estimate the lifetime of circuits and correct any transistor with significant
degradation or performance shift. For that investigation, semiconductor manufacturing
companies are providing their own aging models which accurately describe the
degradation of devices during lifetime.

In order to examine the aging degradation of the designed two-stage
operational amplifier, the SPICE simulations for lifetime of 10 years have been
performed in 2 operating modes: normal operation mode and power down mode.
During normal operation mode it was found that there is no significant aging
degradation on the main devices, and the degradation of I4 and Vi, parameters is in
acceptable ranges, except the P1 power down device. As a result, the op-amp main
parameters didn’t experience significant change. Instead, in the power down mode
serious aging degradations were observed for some main devices and power down
devices, which leads to the reduction of DC gain approximately by 14 db. In Table
1, devices are presented that have significant Vi and Iy shifts in the normal and
power down modes.
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Table 1

Vi and 15 variation for most degraded devices for the two-stage op-amp

Transistor Normal operation mode Power down mode
name AV (mV) Algs (%) AV (mV) Algs (%)
M6 22 2.1 175 174
M8 19 1.8 172 16.9
Pl 152 15.5 127 12.8
P2, P4 0.1 0.1 198 21.6
P3 0.1 0.1 198 21.6

The degradation of P1 power down device during normal operation mode is
due to its control signal, which varies from 0 to VDDH domain. During normal
operation mode P1 is open, control signal is VDDH level and Vs is VDDH, which
is not permissible and causes stress.

During power down mode P2 and P4 power down devices should be open,
and their control signal is 0, so Vgs and Vgp is VDDH. The P3 device gate is
connected to the VDDH level signal, thus Vgs and Vgp is VDDH. The P1 device is
operating in the off mode and gate voltage is 0 but the P2 device drives the P1
drain to VDDH, thus Vgp for P1 is VDDH, which is not allowed either and causes
stress, although it is in the off mode. The M6 device is in the off mode, because P2
drives the M6 gate to VDDH, and P3 drives the M6 drain to 0, so Vgp is VDDH
for M6. The M8 device is also in the off mode, because P3 drives the M8 gate to 0,
and P4 drives the M8 drain to VDDH, so M8 Vgp is VDDH.

The results achieved show that there is no problem in the normal operation
mode but there are problems during the power down mode, which needs to be solved.
In order to solve the observed problems, the following modifications have been
realized in the amplifier:

1. The power down enable signal has been separated for NMOS and PMOS
devices. Additionally, their logic 0 and logic 1 domains have been changed, using
multi output level converter (from O to vnbias for NMOS, and from vpbias to
VDDH for PMOS).

2. The cascading method has been used by adding the D1, D2 and D3
devices (indicated in red dashes) (Fig. 4).
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Fig. 4. Schematic view of the two-stage op-amp after modifications

D1, D2 and D3 are cascode devices and they do not change the functionality
of the circuit but will protect functional and power down devices from stress. After
these changes, aging simulations have been performed and it was found that the
problems are solved and there is no significant degradation either in normal mode,
or in power down mode (Table 2). The main parameters have not been changed either.

Table 2
Vi and 145 variation for the two-stage op-amp after modifications
Transistor Normal operation mode Power down mode
name AV (mV) Algs (%) AV (mV) Algs (%)
M6 18 1.7 0.1 0.1
M8 15 1.2 0.1 0.1
P1 17 14 0.1 0.1
P2, P4 0.1 0.1 6 1.2
P3 0.1 0.1 6 1.2

2. Folded-Cascode operational amplifier. Folded-cascode operational
amplifiers are widely used inside voltage regulators to provide high DC gain.
Below are presented the schematic view (Fig. 5) and the HSPICE simulation results
(Fig. 6) of the folded-cascode operational amplifier designed by SAED 14nm FinFET
technology [10].
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Fig. 5. Schematic view of the folded-cascode op-amp
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Fig. 6. AC characteristic of the designed folded-cascode op-amp

The transistors indicated by dashes are used to enter the circuit into the power
down mode. The P1, P2, P3, P4 and PS5 transistors cut all the paths through which a
current can flow, and P6 pulls up the output to VDDH.

To investigate the aging degradation of the designed folded cascode
operational amplifier the SPICE simulations for 10 years have been performed for
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2 operating modes: normal operation mode and power down mode. In normal
operation mode it was detected that there is no significant aging degradation on the
main devices, and the degradation of I4 and Vi, parameters is in acceptable ranges
except the P5 power down device, as a result, the main parameters have not been
changed significantly. At the same time in the power down mode, severe aging
degradations were observed for some main devices and power down devices,
which leads to the reduction of DC gain approximately by 19 db. After 10 years of
aging, the obtained results for devices with significant Vi, and Igs shifts for normal
and power down modes are presented in Table 3.

Table 3

Vi and 145 variation for most degraded devices for the folded-cascode op-amp

Transistor Normal operation mode Power down mode
name AV (mV) Algs (%) AV (mV) Algs (%)
M7, M8 24 3.1 192 19.6
M9 20 2.8 198 20.1
P1, P2, P6 0.1 0.1 252 24.2
P3, P4 0.1 0.1 254 243
P5 148 14.2 0.1 0.1

The degradation of the PS5 power down device in the normal operation mode
and another power down devices in the power down mode are due to their control
signal causing stress, which have been discussed in previous section.

In the power down mode the M9 device is off because P3 drives M9 gate to
0 and P2 drives M9 drain to VDDH, so Vgp is VDDH. Devices M7 and M8 are
under the same conditions and are also operating in the off mode because P4 drives
M7 and M8 gates to 0, P6 drives M7 and P1 drives M8 drains to VDDH, so for
both Vgp is VDDH and the sources are floating.

The obtained results indicate that there is no problem in normal operation
mode but there are problems in the power down mode to which solutions should be
given. To solve the problems that have arisen, the following changes have been
implemented in the amplifier:

1. The power down enable signal has been separated for NMOS and PMOS
devices. Additionally, their logic 0 and logic 1 domains have been changed, using
multi output level converter (from 0 to vnbias for NMOS, and from vpbias to
VDDH for PMOS).

2. The cascading method has been used by adding the D1 device (indicated
in red dashes).

3. Added the D2, D3 and D4 devices for the connecting the floating nets to
vnbias in the power down mode (indicated in red dashes).
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4. The P4 NMOS device has been replaced by the PMOS device and the
source has been changed from GND to vnbias (indicated in red dashes) (Fig. 7).
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Fig. 7. Schematic view of the folded-cascode op-amp after modifications

The D1 device will prevent the M9 device from stress. Now the P4 device
will drive the gates of M7 and M8 devices to vnbias, meanwhile D2 and D3 will
drive sources of M7 and M8 to vnbias. Thus, they will be closed and not liable to
stress, because there will be no stress conditions between the terminals.

After those changes, aging simulations have been performed and it was
found that problems are solved and there is no significant degradation either in
normal mode or in the power down mode (Table 4). The main parameters have not
changed either.

Table 4
Vth and Ids variation for folded-cascode op-amp after modifications
Transistor Normal operation mode Power down mode
name AVy (mV) Algs (%) AV (mV) Algs (%)

M7, M8 22 2.9 0.1 0.1
M9 18 2.6 0.1 0.1
P1, P2, P6 0.1 0.1 20 2.8
P3, P4 0.1 0.1 20 2.8
P5 17 2.1 0.1 0.1

Conclusion. Two types of operational amplifiers have been designed with
the SAED 14 nm FinFet technology by using the Galaxy Custom Designer tool
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[14]. Schemes have been designed only using thin oxide devices. The phenomena
of aging have been examined on the designed amplifiers during normal operation
and power down modes. With standard architecture it was found that there is a
serious aging impact on the main parameters of amplifiers especially in the power
down mode, due to stress conditions on the thin oxide devices. New schematic
solutions have been implemented to prevent stress conditions on the devices, which
improved the variation of Ids and Vth parameters due to aging degradation in a 10
year lifetime.

The summary table of the designed amplifiers before and after the proposed
design updates, with a 10-year aging is summarized in Table 5.

Table 5
Summary table
Parameter Two-stage Folded-cascode
Before After Before After
DC gain (dB) 40.2 54.2 66.2 85.2
AV (mV) 198 18 254 22
Algs (%) 21.6 1.7 243 2.9

In conclusion, the proposed methods can be implemented on all types of
operational amplifiers for decreasing degradation due to aging.
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4.C. UGLPL3UL, U.U. \.NRYUUSUL, U.U. 2UrNkE3SNRLEUL,
2.5.uNUSUL3UL, &.U. NUUUL3UL

PUCNUY OLUNM TESNY, SCULPUSNCULESNY, ONEMUSPNL
NkhFcULUSUECh OGMUSUUL GLEYNR3E LGP UNESNRE3UL
LIUQG3UUL U6

Ukpjumudu YWUNY nbjuninghwitph swihtpp gipuyunpynpkt dwupmnmwpudnp-
Ynud ki, vwluyt vbdwi jupnudiubpp hwdwywnwujuwt YEpwyngd sk dwupnwpuynpynid,
thwjuth ghiEjunphyh hwunmpniup thnpputnd b, hush wpynitipnid uvwpptpp Gupwply-
Unid & mdbn Ejnpuljut nuonh wqnbgnipput’ wnwgwgkyng upphu npuiqghunnpib-
powd: Uppliup wnwewgunid b $kpugnud, npp upnn b hwiqhlgul) winuntwih htnbwip-
utiph owpdwlwt uwwpptph, huptwpheutph, puquulijut hadwlupgbph Jud pdoufu
uwppbkph nhuypbpnud:

Unwguplynud £ kpynt mbuwlh owbpughnt mdtqupupbph twhwgsdwi dbpnng
oquiuugnpstiny dhuyt pupwly opuhnh okpuinyg wpwiqhunnpubp, npnip Wuonyuwidws tu
upphuughtl wuplwbkphg, wjuhtph’ skpugnmuhg: Unwewplny Ukpnnubpp Yupnn b
Yhpunyt) twb wy] wkuwlh oybkpughnt nidknupupubtph nhypnid:

Unwhgpuyhlr punkp. WUNY, uppbu, skpugnud, pupwly opuhnh skpuning wpwuqhu-
wnnp, oykpughnt nidknupup:
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B.ILII. MEJIMKSH, C.A. 'YKACSHH, C.C. APYTIOHSH,
A.T. KOCTAHSH, I''A. BOCKAHSAH

METOJA MUHUMU3ALUU BIIMAHUA CTAPEHUSA OITEPALIMOHHBIX
YCWIHUTEJIEA HA TOHKUE OKCUJHBIE TPAH3UCTOPBI

B nacrosiee Bpemst pazMep QyHKIHMH TEXHOJIOTUM KOMIUIEMEHTapHBIX METaJlI-0K-
cun-npoBoauukoB (KMOII) arpeccuBHO Mactitabupyercst. HampsbkeHue nutaHus Maciita-
OupyeTcsl HEMPONOPIUOHAIBHO, TOJIINHA AUIEKTPUKA 3aTBOPA YMEHBIIAETCS, B PE3yiIb-
TaTe 4ero yCTPOWCTBAa MOABEPTarOTCs 00JIee CHIbHBIM 3JIEKTPHUECKUM IIOJISIM, BBI3BIBAs TEM
caMbIM CTpecc Ha TpaH3ucTopax. CTpecc BBI3BIBAET CTAPEHUE, KOTOPOE MOXKET MPUBECTH K
JPaMaTHYECKUM TTOCIECACTBUSAM AJISI MOOMIIBHBIX YCTPOWCTB, CAMOJIETOB, BOCHHBIX CHCTEM
WM MEAULIUHCKUX YCTPOMUCTB.

IIpennaraercs MeTo[ MPOEKTUPOBAHUS JByX TUIOB ONEPALUOHHBIX YCHUIMTENEH ¢
HCIOIb30BAHUEM TOJIBKO TOHKHUX OKCHUIHBIX YCTPOMCTB, 3alUIEHHBIX OT CTPECCOBBIX BO3-
[lelCTBl/Iﬁ, a UMCHHO - OT CTapC€HUs. Hpe;[naraeMble METOJbI MOTYT 6]>ITI) pCain30BaHbl U Ha
JpYruX TUIaX OIEPalMOHHBIX YCUIIUTEIIEH.

Kntoueswvie cnosa: KMOII, ctpecc, crapenue, TpaH3UCTOp C TOHKAM OKCHIHBIM CIIOEM,
OTIEPAIIMOHHBIN YCUIHUTEIb.
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