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Latent damage generation in thin oxides of metal-oxide-semiconductor (MOS) devices, caused by high-field impulse or electro-
static discharge (ESD) stress applied to the gate electrode, can lead to increased trap generation during subsequent hot-carrier
stressing. However, the charge-to-breakdown (Qbd) of such impulse prestressed devices is not significantly affected by the
latent damage, and hence it is difficult to characterize such damage usingQbd measurements. Monitoring of the latent damage
can be carried out by detecting the change in an appropriate electrical parameter of the device or by extracting the generated
interface states and oxide trap charges. However, such electrical measurements have their own limitations. It was found that
low-frequency noise measurement is a more sensitive method than the above-mentioned electrical measurements for character-
izing the ESD stress-induced latent damage in thin oxides.

KEYWORDS: silicon dioxide, electrostatic discharge, hot carrier, interface state, oxide trap charge, flicker noise, latent damage

1. Introduction

Decreasing feature sizes in submicrometer metal-oxide-
semiconductor (MOS) devices have resulted in a deterioration
of the oxide-breakdown protection margin under electrostatic
discharge (ESD) or high-field impulse stress. This means that
the difference between the junction breakdown trigger voltage
and oxide breakdown voltage for a device is becoming smaller
as device dimensions shrink. For example, for a sub-quarter
micron complementary-MOS (CMOS) process with an ox-
ide thickness of 4 nm, the oxide-breakdown protection mar-
gin against ESD stress is estimated to decrease to zero.1) The
use of epi-CMOS technology with decreasing epitaxial layer
thickness for CMOS latchup prevention can also raise the trig-
ger voltages of the silicon controlled rectifiers used in ESD
protection circuits to levels higher than the oxide breakdown
voltage. All these would imply an increasing susceptibility of
the device to high-field impulse stress with the resultant effect
of catastrophic oxide breakdown being reached at lower ESD
dose levels. In addition, there will also be situations when
the oxide does not break down catastrophically under low-
level ESD transients but may suffer sufficient latent damage,
impacting the long-term reliability of the device.2) The de-
tection of such latent damage is usually performed either by
monitoring the change in an appropriate electrical parameter
(e.g., the threshold voltage, linear drain current or transcon-
ductance) of the device.2) Besides detecting the ESD latent
damage, it is also useful to obtain a better understanding of the
types of damage generated under high-field impulse stress.
Although the types and distribution of traps generated under
constant-current or constant-voltage stress have been studied
extensively, information on damage caused by short-duration,
high-field impulse stress is not widely available. Such knowl-
edge will be useful in minimizing the latent damage genera-
tion under high-field impulse stress through optimization of
the fabrication processes and/or materials.

In this article, we will first show that the conventional
charge-to-breakdown (Qbd) measurement is not sufficiently
sensitive in detecting latent damage in oxides subjected to

high-field impulse stress applied between the gate and sub-
strate terminals. This is despite the fact that latent damage in
the form of trapped holes and neutral electron traps is gener-
ated by such high-field impulses applied between the gate and
substrate electrodes, as determined from capacitance–voltage
(C–V ) and transient current (I–t) measurements on the ca-
pacitor test structures. Measurements of the transistor sub-
threshold characteristics also show oxide trap charge and in-
terface state generation in devices subjected to high-field im-
pulse stress. It will be shown that there is a correlation be-
tween the maximum transconductance (Gm,max) of the transis-
tor device and the magnitude of the low-frequency noise. We
will also show that low-frequency (flicker or 1/ f ) noise mea-
surement can provide a more sensitive alternative for detect-
ing oxide latent damage compared toGm,max measurement.

It is to be noted that the high-field impulse stressing in
this study was implemented with high-voltage impulses ap-
plied between the gate and substrate terminals of the MOS
field-effect-transistor (MOSFET). While this type of stress
does occur in some input circuits, the dominant type of ESD
stress in most input/output circuits is that when the impulse
stress is applied to the drain terminal of the MOSFET device.
This is because most ESD protection circuits have additional
circuit elements protecting the input, while the output driver
circuit must bear the brunt of an ESD event. Impulse stressing
applied to the drain terminal of the MOSFET device can also
generate latent damage in the oxide, especially under very fast
and short duration transients. However such stressing and la-
tent damage generation have been studied previously.2)

2. Experimental Details

The MOS transistors used for the subthreshold and
low-frequency noise measurements are commercial grade n+-
polysilicon gate/n-channel (n+/nMOSTs) and p+-polysilicon
gate/p-channel (p+/pMOSTs) surface-channel MOS transis-
tors. The n+/nMOSTs were fabricated using a 0.35µm tech-
nology with an electrical oxide thickness (Tox) of 7 nm, as
determined fromC–V measurements. The n+/nMOSTs have
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different mask gate lengths (L) of 0.25, 0.35 and 0.5µm and
a gate width (W ) of 50µm. The gate oxide was grown in a
partial wet ambient at 850◦C. The source and drain of the
n+/nMOSTs were formed by arsenic implantation at 50 keV
to a dose of 4× 1015 cm−2. The low-doped drain (LDD)
implant was performed at 25 keV with a phosphorous dose
of 4.5 × 1013 cm−2. The p+/pMOSTs have different mask
gate lengths (L) of 0.24, 0.34, 0.5 and 1.0µm, a similar gate
width (W ) of 50µm and an electrical oxide thickness (Tox)
of 4.3 nm. The LDD implant for the p+/pMOSTs was car-
ried out at 10 keV with boron difluoride (BF2), to a dose of
2 × 1014 cm−2. The source and drain were formed by BF2

implantation at 30 keV to a dose of 4× 1015 cm−2.
The MOS capacitors used for the charge-to-breakdown

(Qbd) studies were n+-polysilicon gate/p-substrate (n+/p-Si)
capacitors from the same 0.25µm technology process and the
same wafer as the p+/pMOSTs. The capacitor test structures
have a gate area of 2.33× 10−4 cm2 andTox = 4.3 nm. The
capacitors were subjected to varying degrees of impulse pre-
stress treatment with the positive-voltage impulses applied ei-
ther to the gate with substrate grounded (substrate electron in-
jection condition) or to the substrate with gate grounded (gate
electron injection condition) before theQbd test. The results
of the Qbd tests were then compared to that of virgin capaci-
tors without the impulse prestress treatment.

The high-field impulse prestress treatment was performed
using a single-pulsing transmission line technique.3) Several
high-voltage pulses of 4 to 7 ns rise time and 200 ns dura-
tion were applied to the gate (or substrate) electrodes of the
MOS device (i.e., MOS transistor or capacitor) to simulate
a low-level ESD event. Varying number (and amplitude)
of high-field impulses were applied to generate varying de-
grees of degradation. The number and amplitude of impulses
were chosen such that a substantial amount of latent dam-
age, indicated by significant shifts in the threshold voltage
(Vth) and maximum transconductance (Gm,max), was created
without resulting in oxide breakdown. For the n+/nMOSTs,
6 to 25 high voltage (9 to 15 V across the oxide) impulses
were applied to the gate electrode with the substrate, source
and drain terminals connected to ground. In the subsequent
study on p+/pMOSTs, the high-field impulses were applied
to the body or substrate (i.e., n-well) with the gate connected
to ground and source/drain terminals floated to prevent oxide
breakdown from occurring at the gate-to-source/drain over-
lapping regions. 15 to 150 impulses, at a higher voltage of
19.8 V across the oxide, were applied to the substrate of the
p+/pMOSTs. The ability of the p+/pMOSTs to withstand
a higher impulse stress voltage without oxide breakdown as
compared to the n+/nMOSTs could be attributed to the float-
ing of the source/drain terminals of the former. The polarity of
impulses applied to both n+/nMOSTs and p+/pMOSTs were
chosen such that the channel region was driven into deep-
depletion/inversion in both cases.

A schematic of the single-pulsing transmission line setup
is shown in Fig. 1. During operation, the transmission line is
charged to the supply voltageVS through the 10-M� charg-
ing resistor. When the relay switch S1 is closed, a discharge
to the device-under-test (DUT) occurs, producing a high cur-
rent event and a square voltage pulse of amplitudeVS/2. A
calibrated current probe and a storage oscilloscope were used
to monitor the current and voltage waveforms across the DUT

Vs

DUT

10M 50  Transmission Line

Relay
Switch S1

50

Diode

RS

RT

Fig. 1. Single-pulsing transmission line setup used for the high-field im-
pulse or ESD stressing of the devices.

during the high-field ESD stress.
The hot-carrier stressing of the n+/nMOSTs and p+/

pMOSTs was performed under the maximum degradation
conditions. For the n+/nMOSTs, hot-carrier stressing was
carried out under maximum substrate current (Isub,max) con-
dition at a drain voltage (Vd) of 4 V and a gate voltage (Vg) of
1.55 V, with source and body (substrate or p-well) grounded.
For the p+/pMOSTs, hot-carrier stressing was carried out un-
der maximum gate current (Ig,max) condition at Vd = −7 V
and Vg = −1.15 V, with source and body (substrate or n-
well) grounded. The gate current measured during Isub,max

and Ig,max stress were < 50 fA and ∼ 400 nA, respectively.
The number of interface traps (δNit) and oxide trap charges

(δNot) generated by the hot-carrier and high-field impulse
stressing were obtained from changes in the subthreshold cur-
rent characteristics of the virgin and stressed n+/nMOSTs
devices using the technique proposed by McWhorter and
Winokur,4) commonly known as McWhorter’s method. For
the p+/pMOSTs, δNot and Nit were extracted using the dc
current–voltage (DCIV) technique.5) This is because the ex-
tracted trap densities, obtained using McWhorter’s method,
are not accurate in the presence of nonuniformly distributed
oxide trap charges. Such lateral non-uniform charge distri-
butions in the gate oxide are typically generated under im-
pulse stressing applied between the gate and substrate elec-
trodes with the device biased into deep depletion.6) To over-
come such limitation, the DCIV technique, configured in the
top-emitter configuration, was used to estimate δNot and δNit

from the peak base (n-well) recombination current density
(Ibase,peak) versus gate voltage (Vg) plot. The shift of Ibase,peak

in the positive (negative) gate-voltage direction (i.e., δVpeak)
and the change in the Ibase,peak amplitude (i.e., δ Ibase,peak) are
proportional to the number of negative (positive) oxide trap
charges and interface states generated, respectively. δNot fol-
lowing electrical stress can be calculated using (CoxδNot/q),
where Cox is the oxide capacitance per unit area and q is the
charge of an electron. It should be noted that the DCIV mea-
surement requires the presence of a vertical bipolar transistor
structure. Since the available samples (i.e., n+/nMOSTs and
p+/pMOSTs) were all fabricated on a p-type substrate with a
dual-well structure, the DCIV measurement can only be car-
ried out on the p+/pMOSTs, and not on the n+/nMOSTs. For
wafers with a p-type substrate, the vertical bipolar structure
is a pnp transistor structure formed from the p-type substrate,
n-well and p+-source/drain diffusion and this is present only
in the p+/pMOSTs, and not in the n+/nMOSTs.
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Low-frequency ( f = 10 Hz) flicker noise measurements
were carried on the n+/nMOSTs and p+/pMOSTs by obtain-
ing the drain current noise (SId). The device was biased in
the linear region at |Vd| = 0.1 V and at a constant effective
gate voltage |Vg − Vth| = 0.6 V, where Vth is the threshold
voltage of the device at the particular stress time point, for
the low-frequency noise measurements.7) The input-referred
noise power, SVg (equal to SId/G2

m), was then obtained, with
the transconductance (Gm) measured at |Vg − Vth| = 0.6 V.
The noise measurements were normalised to frequency, with
SVg expressed in units of V 2/Hz.

3. Results and Discussion

Figure 2 shows the Weibull probability plot of the
charge-to-breakdown (Qbd) distribution of the n+/p-Si MOS
capacitors (Tox = 4.3 nm). The first group of capacitors re-
ceived no impulse prestress treatment. The second group are
capacitors prestressed with twenty-three high-field (∼ 61 V,
∼ 65 kA/cm2) impulses applied to the gate (substrate injec-
tion), while the third group are capacitors prestressed with
twenty high-field (∼ 48 V, ∼ 75 kA/cm2) impulses applied
to the substrate (gate injection). For gate-injection impulse
prestress, 20 pulses were chosen because most devices can
only withstand a maximum of 20 to 30 impulses at the
stated stressing conditions before oxide breakdown. For the
substrate-injection impulse prestress, 23 pulses were chosen
so that an equivalent amount of fluence (∼ 0.3 C/cm2) was in-
jected as in the case of gate injection, despite the fact that
most devices could withstand more than 30 pulses without
oxide breakdown. The Qbd measurements were performed
at a constant current density of 1.72 mA/cm2 (gate current
Ig = −400nA) with the capacitors biased into accumula-
tion. In view of the thin oxide used, the onset of soft break-
down was taken as the criterion for oxide breakdown in the
Qbd measurements. The results show that there is hardly
any difference in the Qbd values of the impulse prestressed
devices (both substrate injection and gate injection) as com-
pared to the devices without the impulse prestress treatment.
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Fig. 2. Charge-to-breakdown (Qbd) distribution under constant-current
stress (CCS) of n+/p-Si MOS capacitors (MOSCs) without the impulse
prestress treatment, capacitors prestressed with 23 high-field (∼ 61 V,
∼ 65 kA/cm2) impulses applied to the gate (substrate injection) and capaci-
tors prestressed with 20 high-field (∼ 48 V, ∼ 75 kA/cm2) impulses applied
to the substrate (gate injection). The Qbd measurements were performed
at a constant current density of 1.72 mA/cm2. The n+/p-Si MOSCs have
an oxide thickness of 4.3 nm and a gate area of 2.33 × 10−4 cm2.

This is despite the fact that latent damage, in the form of
trapped holes are present in the devices subjected to high-
field impulse stressing, as reported previously.8) One possi-
ble explanation for this could be the small amount of cu-
mulative charge injected during the impulse prestress treat-
ment (∼ 0.3 C/cm2) as compared to a median Qbd of about
20 C/cm2. Similar Qbd measurements have been performed
previously on n+-polysilicon gate/n-substrate (n+/n-Si) MOS
capacitors with a thicker oxide (Tox = 7–8 nm),9) and the con-
clusion was similar to that for Fig. 2.

It was suggested previously that for ultrathin oxides
(< 5 nm thickness), constant-voltage stress (CVS) should be
used for the Qbd measurement instead of constant-current
stress (CCS).10) This is because for very thin oxides, the
injected electrons can tunnel ballistically through the oxide
without interacting with the silicon dioxide lattice. This
means that the electron energy at the anode is determined by
the voltage difference between the cathode and anode, which
corresponds to the applied gate voltage. As such, it was ar-
gued that the Qbd measurements should be performed using
CVS for ultrathin oxides. Figure 3 shows the Weibull prob-
ability plot of the charge-to-breakdown (Qbd) distribution of
similar n+/p-Si MOS capacitors as in Fig. 2 but measured un-
der CVS with an applied gate voltage Vg = −6 V (accumula-
tion mode). Again, the results show that there is no significant
difference in the Qbd values of the impulse prestressed de-
vices (both substrate injection and gate injection) as compared
to the devices without the impulse prestress treatment. How-
ever, the impulse prestressed devices do show slightly higher
Qbd values, due possibly to preconditioning or strengthening
of the oxide by the prestress as has been reported previously.
Martin et al. suggested two possible explanations for the in-
crease in Qbd in a prestressed device.11) First, the elimina-
tion of possible electrical breakdown sites that trigger even-
tual thermal breakdown could lead to a better oxide reliabil-
ity. Secondly, the trapped electrons during the pre-stress treat-
ment could decrease the rate of charge injection and build-up
during the CVS Qbd test. Notwithstanding the correct expla-
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Fig. 3. Charge-to-breakdown (Qbd) distribution under of n+/p-Si MOS
capacitors (MOSCs) without the impulse prestress treatment, capaci-
tors prestressed with 23 high-field (∼ 61 V, ∼ 65 kA/cm2) impulses ap-
plied to the gate (substrate injection) and capacitors prestressed with 20
high-field (∼ 48 V, ∼ 75 kA/cm2) impulses applied to the substrate (gate
injection). The Qbd measurements were performed at a constant gate volt-
age, Vg = −6 V. The n+/p-Si MOSCs have an oxide thickness of 4.3 nm
and a gate area of 2.33 × 10−4 cm2.
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nation, the above results show that Qbd measurements are not
sufficiently sensitive to detect the latent damages generated
by the impulse stress. It should also be noted that impulse
stress generally generates a large amount of positive oxide
trap charge because of the regenerative (feedback) injection
mechanism, as reported previously.8) For CVS or CCS, the
amount of positive charge trapping in the oxide is much less
and occurs during the early duration of stress. For longer
stress duration, electron or negative charge trapping tends to
dominate.3)

The high-field impulse prestress was also carried out
on n+/nMOSTs (gate length L = 0.35 µm, gate width
W = 50 µm and oxide thickness Tox = 7 nm). Some of the
impulse prestressed n+/nMOSTs were subjected to a subse-
quent Isub,max hot-carrier stress step to investigate the effect
of the impulse prestress on the subsequent hot-carrier relia-
bility. Figure 4 shows the change in interface trap density
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Fig. 4. Change in (a) interface trap density (δNit) and (b) oxide trap charge
density (δNot) during maximum substrate current (Isub,max) hot-carrier
stress for n+/nMOSTs (gate length L = 0.35 µm, gate width W = 50 µm
and oxide thickness Tox = 7 nm) with (open circles) and without (solid
triangles) the impulse prestress treatment. The symbol and line bar at each
stress time represent the average and range of the δNit and δNot values
obtained from four devices. In (a), a positive (negative) δNit value means
that the subthreshold slope of the device becomes larger (smaller) after
stress. In (b), a negative δNot value implies electron trapping. The Isub,max
hot-carrier stressing of the n+/nMOSTs was performed at a drain voltage
(Vd) of 4 V and a gate voltage (Vg) of 1.55 V. The impulse prestress treat-
ment was performed by applying 6 to 25 high-voltage (9 to 15 V across the
oxide) pulses to the gate electrode (inversion condition during impulse pre-
stress) of the n+/nMOSTs, with the substrate, source and drain grounded.

(δNit) and oxide trap charge density (δNot) generated during
the Isub,max hot-carrier stressing for the n+/nMOSTs. The δNit

and δNot, for both sets of devices, were taken to be zero at
time t = 0 of the Isub,max stress. The symbol and line bar
at each stress time represents the average and range of the
δNit and δNot values obtained from four devices. In Fig. 4(a),
a positive (negative) δNit value means that the subthreshold
slope of the device becomes larger (smaller) after stress. The
n+/nMOSTs with and without the impulse prestress treatment
were observed to exhibit opposite signs in δNit, which im-
plies a change in subthreshold slope in the opposite manner,
during the hot-carrier stress. For the n+/nMOSTs with the
impulse prestress treatment, the increasingly negative δNit

with increase in hot-carrier stress time seems to be counter-
intuitive. This discrepancy could possibly be explained by
the annihilation of nonuniformly distributed positive charges
generated by the impulse prestress dominating the generation
of interface traps during hot-carrier stress. The former gives
rise to a smaller subthreshold slope while the latter results in
a larger subthreshold slope. In Fig. 4(b), it is seen that the im-
pulse prestress treatment results in greater electron trapping
(indicated by negative values for δNot) during the subsequent
hot-carrier stress.

It should be noted that the results in Fig. 4 were obtained
using McWhorter’s method,4) which estimates net trap densi-
ties throughout the entire oxide. In situations where traps of
opposite polarity are generated, the oppositely-charged traps
tend to cancel each other. McWhorter’s method also applies
well for situations of uniform damage but is less accurate for
cases of nonuniform damage generation, as could occur dur-
ing the impulse prestress and hot-carrier stress. In view of
the limitations of McWhorter’s method, the trap measurement
was repeated using an alternative technique that does not have
such limitations. This alternative trap measurement method
is the DCIV technique.5) The DCIV measurements, however,
require a vertical bipolar transistor structure. As the transistor
devices were fabricated on wafers with a p-type substrate and
a dual-well structure, the DCIV measurements can only be
carried out on p-channel MOS transistors (i.e., p+/pMOSTs
fabricated on the same wafer as the n+/p-Si MOS capacitors
used in the Qbd measurements), as explained previously. The
p+/pMOSTs (L = 0.35 µm, W = 50 µm and Tox = 4.3 nm),
with and without the impulse prestress treatment, were sub-
jected to a hot-carrier stress step under Ig,max bias (maxi-
mum hot-carrier degradation condition of p-channel MOS
transistors). Figures 5(a) and 5(b) show the change in in-
terface trap density (proportional to |(Ibase,peak|) and oxide
trap charge density (δNot), respectively, during hot-carrier
stress, extracted using DCIV measurements. It is seen that
the p+/pMOSTs with the impulse prestress treatment show
higher interface trap generation and electron trapping after
the first 50 s of hot-carrier stress. The electron trapping did
not change much for a longer duration of hot-carrier stress af-
ter the first 50 s, while the interface trap generation continues
to increase for longer hot-carrier stress duration.

The effects of the generated interface traps and oxide trap
charges on the fractional change in the maximum transcon-
ductance (|δGm,max/Gm,max|) were investigated. Figure 6
shows the relationship between the interface trap density (i.e.,
δNit or |δJbase,peak|) and oxide trap charge density (δNot)
to |δGm,max/Gm,max|. The maximum transconductance was
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Fig. 5. Change in (a) the magnitude of the peak base current (i.e.,
|δ Ibase,peak|) and (b) oxide trap charge density (δNot) during maxi-
mum gate current (Ig,max) hot-carrier stress for p+/pMOSTs (gate length
L = 0.34 µm, gate width W = 50 µm and oxide thickness Tox = 4.3 nm)
with (open circles) and without (triangles) the impulse prestress treatment.
The change in the interface trap density is proportional to |δ Ibase,peak|. The
symbol and line bar at each stress time represent the average and range
of the δNit and δNot values obtained from four devices. In (b), a negative
δNot value implies electron trapping. The Ig,max hot-carrier stress of the
p+/pMOSTs was performed at a drain voltage (Vd) of −7 V and a gate
voltage (Vg) of −1.15 V. The impulse prestress treatment was performed
by applying 15 to 150 high-voltage (19.8 V across the oxide) pulses to the
substrate electrode (gate grounded) of the p+/pMOSTs, with the source
and drain floated.

measured at a drain voltage magnitude (|Vd|) of 0.1 V. Im-
pulse stresses of varying degrees were applied to n+/nMOSTs
(Tox = 7 nm) and p+/pMOSTs (Tox = 4.3 nm) of varying
gate lengths, the results of which are shown in Figs. 6(a)
and 6(b), respectively. The impulse stress was chosen over
the hot-carrier stress because it produces a wider range of
variation in Gm,max. It is seen that there is a linear relation-
ship between δNit (or |δJbase,peak|) and |δGm,max/Gm,max| and
also between δNot and |δGm,max/Gm,max|. The positive val-
ues of δNot denote hole trapping, which occurred during the
high-field impulse stress. This is consistent with results ob-
tained using C–V and I–t measurements on MOS capacitor
structures subjected to high-field impulses applied to the gate
electrode.3) It is also known that neutral electron traps are also
generated during the high-field impulse stress.3) However,
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Fig. 6. Relationship of the interface trap density (δNit or |δJbase,peak|)
and oxide trap charge density (δNot) to the absolute fractional change in
the maximum transconductance (|δGm,max/Gm,max|). Impulse stresses of
varying degrees were applied to (a) n+/nMOSTs (gate length L = 0.25,
0.35 and 0.5 µm; gate width W = 50 µm and oxide thickness Tox = 7 nm)
and (b) p+/pMOSTs (L = 0.24, 0.34, 0.5 and 1 µm; W = 50 µm and
Tox = 4.3 nm). The maximum transconductance was measured at a drain
voltage magnitude |Vd| of 0.1 V.

these neutral traps have to be filled by an electron injection
phase before they have an effect on the electrical characteris-
tics of the device. The multitude of trap formation and filling
do complicate the detection of latent damage generated by the
impulse stress as it is difficult to set a criterion for latent dam-
age based on the densities of the measured traps. An alter-
native is to monitor the Gm,max degradation with the impulse
stress, as δGm,max encompasses the combined effect of the
generated interface states and bulk traps (i.e., hole traps and
filled neutral electron traps). However, the change in Gm,max

may not be sufficiently sensitive for monitoring small levels
of latent damage induced by the high-field impulse stress, es-
pecially in thin-oxide devices. The sensitivity limitation may
be overcome by using low-frequency noise measurements for
latent damage detection.

Figures 7(a) and 7(b) show the relationship between
the input-referred noise power (SVg measured at frequency
f = 10 Hz) and the reciprocal of the maximum transcon-
ductance (1/Gm,max) on a log–log plot for n+/nMOSTs
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Fig. 7. The relationship between the input-referred noise power (SVg mea-
sured at frequency f = 10 Hz) and the reciprocal of the maximum
transconductance (1/Gm,max) on a log–log plot for (a) n+/nMOSTs (gate
length L = 0.35 µm; gate width W = 50 µm and oxide thickness
Tox = 7 nm) and (b) p+/pMOSTs (L = 0.34 µm; W = 50 µm and
Tox = 4.3 nm) after varying degrees of hot-carrier stress [i.e., Isub,max
stress in (a) and Ig,max stress in (b)]. Devices with and without the im-
pulse prestress treatment are indicated by open circles and solid triangles,
respectively. The dotted line indicates the best fit to the measured data
points. A slope greater than unity was observed in both (a) and (b) in-
dicating the greater sensitivity of low-frequency noise measurements as
compared to Gm,max measurements.

(L = 0.35 µm, W = 50 µm and Tox = 7 nm) and p+/
pMOSTs (L = 0.34 µm, W = 50 µm and Tox = 4.3 nm),
respectively, after applying varying degrees of hot-carrier
stress (i.e., Isub,max stress for n+/nMOSTs and Ig,max stress for
p+/pMOSTs). It is observed that SVg increases as Gm,max de-
creases (or 1/Gm,max increases). The dotted line indicates the
best fit to the measurement results. A slope greater than unity
was observed in both Figs. 7(a) and 7(b). The significance of
this greater than unity slope will be discussed below.

Figure 8 shows the gate-length (L) dependence of the
power-law relationship between SVg (measured at f = 10 Hz)
and 1/Gm,max obtained from p+/pMOSTs (Tox = 4.3 nm and
W = 50 µm) of different gate lengths (L = 0.24, 0.34, 0.5
and 1 µm). The low-frequency noise measurements were per-
formed on the p+/pMOSTs before and after different degrees
of impulse stress. Again, it is observed that SVg increases
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Fig. 8. Gate-length (L) dependence of the power-law relationship between
the input-referred noise power (SVg measured at frequency f = 10 Hz)
and the reciprocal of the maximum transconductance (1/Gm,max) obtained
from p+/pMOSTs (L = 0.24, 0.34, 0.5 and 1 µm; W = 50 µm and
Tox = 4.3 nm). The low-frequency noise measurements were performed
on the p+/pMOSTs before and after different degrees of impulse stress. A
straight line was fitted to each gate length and a slope greater than unity
was obtained for all cases.

as Gm,max decreases (or 1/Gm,max increases). A straight line
was fitted to each gate length and a slope greater than unity
was obtained for all cases. The slopes are however different
for different gate lengths, indicating that the relative sensitiv-
ity of low-frequency noise measurements over that of Gm,max

measurements is not a constant but varies with gate length.
The exact reason for this is not clear at the moment, although
it is possibly related to some short-channel effect.

It has been reported that interface traps and border ox-
ide traps generate flicker noise12, 13) in accordance with either
McWhorter’s carrier number fluctuation theory14) or Hooge’s
mobility fluctuation mechanism.15) The unified flicker noise
model proposed by Hung and co-workers incorporates both
the number fluctuation and surface mobility fluctuation mech-
anisms as16)

SVg( f ) = kT q2

γ f W LC2
ox

(1 + αµN )2 Nt(Efn), (1)

where k is the Boltzmann constant, T is the temperature, q
is the electronic charge, γ is the attenuation coefficient of the
electron wave function in the oxide, f is the measurement
frequency, W is the gate width, L is the gate length, Cox is
the oxide capacitance per unit area, α is the Coulomb scatter-
ing coefficient, µ is the carrier mobility, Nt is the oxide trap
density and Efn is the quasi-fermi level of electrons. Since
N is proportional to Cox(Vg − Vth), the input referred noise
power has a term proportional to C2

ox (the number fluctuation
model) and another proportional to C−1

ox (Vg − Vth). The mea-
surement of SVg was performed at a constant effective gate
voltage (|Vg − Vth|) so as to minimize the bias dependency
of SVg as the threshold voltage Vth of the device changes with
electrical stressing. It is seen from Figs. 7 and 8 that SVg has
a power-law relation to 1/Gm(max) which can be expressed as

SVg = A

[
1

Gm(max)

]B

, (2)

where A and B are constants for a particular gate length. The
values of A and B for each gate length can be obtained from
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fitting a straight line to the measurement results. It was found
that the value of B, or the slope of the best-fit straight line on
a log–log plot, ranges from 1.7 to 16.9 based on the results
in Figs. 7 and 8. Equation (2) can be differentiated once to
obtain the following equation:

δ(SVg)

SVg

= −B
δ(Gm(max))

Gm(max)

. (3)

It is seen from eq. (3) that the percentage change in
the input-refered noise power, δ(SVg)/SVg , is larger than
the percentage change in the maximum transconductance,
δ(Gm(max))/Gm(max), by the factor B. Since B is larger than
unity, it implies that the characterization of the latent dam-
age arising from high-field impulse stress can be performed
more sensitively using low-frequency noise measurements as
compared to monitoring the degradation in the maximum
transconductance.

The amount of impulse-stress generated traps (δNt) was
also obtained from low-frequency noise measurements. δNt

was calculated using eq. (1) by noting the change in the noise
magnitude (δSVg ) after the impulse stress. Assuming the car-
rier number fluctuation mechanism is the dominant mode of
flicker noise generation, which is reasonably true with a low
gate voltage bias for a surface-channel device, eq. (1) reduces
to

δSVg( f ) = kT q2

γ f W LC2
ox

δNt(Efn). (4)

Using the flicker noise measured at f = 10 Hz for the
impulse-stressed n+/nMOSTs (L = 0.35 µm, W = 50 µm
and Tox = 7 nm) and p+/pMOSTs (L = 0.34 µm, W =
50 µm and Tox = 4.3 nm), and substituting γ as 108 cm−1,
the generated trap density, δNt (cm−3 eV−1), was calculated.
Assuming that the traps contributing to low-frequency noise
arise from a volume of the oxide of up to 2 nm from the inter-
face, the calculated trap density is converted from per unit
volume to per unit area (δNot) and plotted with respect to
|δGm(max)/Gm(max)| in Fig. 9. It is seen that the trap densi-
ties estimated from flicker noise data are comparable in mag-
nitude with those calculated using McWhorter’s method and
DCIV measurements. It is difficult to say how much the dif-
ference in the extracted oxide trap charge density using the
different techniques is due to nonuniform damage generation
or to the different measurement methods used. However, the
second reason is more likely as flicker noise measurements re-
sult consistently in smaller oxide trap charge densities which
is further explained below. Also, the results in Fig. 9 were
obtained using varying degrees of impulse stress, for which
nonuniform damage generation may not be as serious as that
under hot-carrier stress. It is to be noted that the slopes of the
plots in either Figs. 9(a) or 9(b) are quite similar suggesting
a reasonable correlation between the flicker noise measure-
ment and either measurements from McWhorter’s method or
the DCIV technique. The different slopes between Figs. 9(a)
and 9(b) could possibly be a result of a difference in oxide
thickness, assuming that the quality of the oxide-silicon in-
terface of the different device structures [i.e., n+/nMOSTs in
Fig. 9(a) and p+/pMOSTs in Fig. 9(b)] are similar. Although
the assumption of similar interface quality is difficult to en-
sure and to verify, the smaller slope for the thinner oxide de-
vice in Fig. 9(b) could be an indication of the reduced charge
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Fig. 9. Comparison of oxide trap charge density (δNot) calculated from
low-frequency (frequency f = 10 Hz) noise measurements to that ob-
tained using (a) McWhorter’s method and (b) DCIV measurements.
Calculations of δNot were performed on (a) n+/nMOSTs (gate length
L = 0.35 µm; gate width W = 50 µm and oxide thickness Tox = 7 nm)
and (b) p+/pMOSTs (L = 0.34 µm; W = 50 µm and Tox = 4.3 nm)
subjected to varying degrees of impulse stress.

trapping in the thinner oxide. It is worthwhile to note that
both McWhorter’s method and DCIV measurements estimate
trap densities throughout the entire oxide. The low-frequency
noise calculation, on the other hand, only accounts for the ac-
tive traps very near the interface (i.e., “border traps” ) and also
assumes a uniform oxide trap distribution. It is therefore not
surprising that the oxide trap densities calculated from low-
frequency noise data are much smaller than those calculated
using McWhorter’s method or DCIV measurements.

4. Conclusion

This study has shown that latent damage in thin oxides,
caused by high-field impulse stress applied to the gate elec-
trode, has a significant impact on the subsequent trap gener-
ation within the device under hot-carrier stressing but not on
the charge-to-breakdown Weibull distribution. Characteriza-
tion of such latent damage could be carried out more sensi-
tively using low-frequency noise measurements than with the
conventional method of monitoring the change in the maxi-
mum transconductance of the transistor device.
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