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Abstract

Early works on device ageing often focus on one
source, while devices in a circuit suffer degradation from
different sources. There are only limited information on
the impact of ageing from one source on ageing from a
different source. This work researches into the interaction
of ageing induced by Hot Carriers with that by Positive
Bias Temperature Instability (PBTI). It will be shown that
one can slow down the other and the ageing can be
substantially overestimated without considering their
interaction. Although a PBTI after Hot Carrier Ageing
(HCA) will increase the degradation, a HCA following a
PBTI can result in a reduction in ageing for long channel
devices. The defect responsible for their interaction will
be explored.

Introduction

There are a number of sources causing the ageing of
MOSFETSs, including Hot Carrier Ageing (HCA) [1-4],
Positive/Negative  Bias  Temperature  Instabilities
(PBTI/NBTI) [4-12], and Time Dependent Dielectric
Breakdown (TDDB) [13]. Early works typically
investigate them separately and develop models without
considering  their  interaction. For  example,
As-grown-Generation (AG) model has been proposed for
NBTI [7-12] and PBTI [5,8] and power law based
lifetime prediction has been used for HCA [1,2].

In real circuit operation, device ageing can be
dominated by different sources under different operating
conditions and ageing from one source can affect ageing
from another source in the subsequent operation. For
example, the access transistor of a Static Random Access
Memory (SRAM) cell in Fig. 1a suffers from HCA during
‘Read 0’, as shown in Fig. 1b. The same transistor is
subjected to PBTI stress in the subsequent ‘Write 0’
operation. At present, knowledge on the potential
interaction between HCA and PBTI is limited [14] and
the objective of this work is to research into it. It will be
shown that one can slow down the other and ageing will
be overestimated without considering this interaction.

bBL

NR

(a)

Vg=wL=1 Vg=WL=1
_I_ ACO _I_ ACO
Vd=BL-1 Vs=Q=0  Vd=BL=0 Vs=Q=0
{b) Read-0: HCA (c) Write-0: PBTI

Fig. 1. (a) The six-transistor SRAM cell. (b) When ‘Read
0, the access nMOSFET ACO is under hot carrier ageing.
(c) When ‘Write 0°, ACO is under PBTI stress.

Devices and Experiments

NMOSFETSs used in this work were fabricated by a
commercial 28 nm CMOS process. They have metal gate
and the high-k/SiON dielectric stack has an equivalent
oxide thickness of 1.2 nm. To vary the relative strength of
HCA versus PBTI, different channel lengths have been
used, ranging from 27 to 225 nm. A relatively wide
channel width of 900 nm is used to minimize the
device-to-device variation [15].

PBTI was carried out with source and drain
grounded, while HCA was under Vg=Vd. The ageing was
monitored from the threshold voltage shift, measured
under a given drain current of 100 nA x W/L [16]. All
stresses and measurements were carried out at 125 °C.

Over-estimation of ageing

If one assumes that HCA and PBT]I are independent
processes and there is no interaction between them, the
total ageing will be the sum of HCA and PBTI (The
symbol ‘A’ in Fig. 2a), which can be obtained by
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performing HCA on one device and PBTI on another
device.

To investigate the potential interaction, we used the
waveform in Fig. 2b to stress one device alternately by
HCA and PBTI. Fig. 2a shows that the ageing under the
alternating HCA/PBTI stress (line) is considerably lower
than the sum of HCA and PBT]I. This conforms that HCA
and PBTI affect each other and their interaction will be
further investigated next.
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Fig. 2. (@) A comparison of HCA+PBTI (Symbol ‘A’), when
carried out independently on two different devices, with that
when HCA and PBTI were carried out alternatively on the same
device (the line). (b) Voltage waveforms for the line.

Interaction between PBTI and HCA

Fig. 3a shows the results when devices of different
channel lengths were stressed by PBTI, HCA, and PBTI
again in sequence. During the first PBTI, the ageing is
independent of channel length, confirming that PBTI is a
uniform process. As expected, the follow-on HCA is
more severe for shorter channels, because of the higher
lateral field over a shorter channel length for the same
drain voltage. After HCA, the ageing during the 2" PBTI
becomes channel length dependent. To show this clearly,
the HCA phase was removed in Fig. 3b and the two
PBTIs were joined together. It can be seen that the shorter
the channel, the less the 2" PBTI ageing is. We conclude
that HCA slows down the subsequent PBTI.

Fig. 4 shows the ageing following a sequence of
HCA-PBTI-HCA. After HCA, PBTI ageing is more in
longer channel device, in agreement with Figs. 3a&b. In
the 2" HCA post PBTI, ageing increases for the short
channel device, but decreases for the long channel device.
To explain this behavior, we study the defects responsible
for the ageing next.

04 . n o1
H

: .:.- (b) "

PBTI | HCA"IPBTI | g8 -

i H "

H .
Increase channel\{ 0.06 length O‘AM A
length o0 . A

' at
'll!
002 (13)

L)
] E Increase channel o o
After removing HCA

ot
o sasiisnnRanats .

001 01 1 10 100 1000 001 01 1 10 100 1000
Stress time (s) Stress time (s)

Fig. 3. (a) Ageing under a stress sequence of PBTI, HCA, and
PBTI for different channel lengths. (b) A replot of (a) by
removing the HCA phase.
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Fig. 4. Ageing under a stress sequence of HCA, PBTI, and HCA
for different channel lengths.

Defects

Fig. 5 shows that the AVth is cyclic-able by
alternating the gate bias polarity, when the PBTI Vg is
relatively low at +1.5 V. After a trap captures an electron,
the trapping is not permanent and it can be detrapped.
This type of traps are referred to as ‘Cyclic Electron traps
(CET)".

When stress voltage increases to Vg=+2.0 V, AVth
is higher, as expected. The amount of CET is also higher.
Moreover, some traps can remain charged at the end of
the discharge phase and they are called as
‘anti-neutralization electron traps (ANET)’. Based on this
understanding of defects, we explain the interaction
between PBTI and HCA observed in Figs. 3 and 4 next.

Physical processes

In Fig. 3, HCA can charge some of the ANET. As
these ANET is already charged, they are not available in
the subsequent PBTI. The shorter the channel, the more
ANET is charged by HCA, so that the less the ageing in
the subsequent PBTI, as shown in Fig. 3b. This indicates
that the same ANET can be charged by either HCA or
PBTI.

The reduction for the longer channel device during
the 2 HCA in Fig. 4 is caused by detrapping of CET. As
illustrated by Fig. 6, the vertical electrical field is



progressively reduced when moving from the source
towards the pinch-off point during HCA. Some CET
charged under higher vertical field during the PBTI can
be detrapped during HCA. For shorter channel, HCA is
strong and over-compensates the detrapping. For longer
channel, HCA is too weak to compensates the detrapping,
leading to the observed reduction in ageing.
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Fig. 5. In the stage 1, the cyclic electron traps (CET) can be
charged by PBTI at Vg=+1.5 V and discharged under Vg=-1.8
V. In the stage 2, PBTI was under Vg=+2 V. CET increases and
the anti-neutralization electron traps (ANET) remain charged at
the end of discharge phase.
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Fig. 6. An illustration of the reduction of vertical oxide field
between source and pinch-off point during HCA, when
compared with PBTI.

Conclusions

The interaction between PBTI and HCA is
investigated in this work. It is shown that one can slow
down the other substantially and the overall ageing will
be overestimated without considering this interaction.
Although PBTI is uniform without HCA, it becomes
channel-length  dependent after HCA. HCA can
pre-charge the traps, making them unavailable to the
subsequent PBTI.

For long channel devices, ageing during HCA after
PBTI can even reduce. This is because the reduction of
vertical field between source and pinch-off point during
HCA results in a partial detrapping of the cyclic electron
traps filled by the preceding PBTI.
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