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A B S T R A C T

Dielectric defects play a crucial role in the reliability of MOSFETs. In this study, we aim to gain a deeper
understanding of dielectrics’ degradation by correlating the effective interface (𝑁2𝐷) and bulk (𝑁𝐵𝑇 ) trap
densities extracted by different characterization techniques (I-V, charge pumping, and 1/f noise) under different
electrical stress conditions. Additionally, we establish an empirical relation between the increase of 𝑁𝐵𝑇
(estimated via 1/f noise measurements) and 𝑁2𝐷,𝑒𝑓𝑓 (estimated through the monitoring of threshold voltage
shift) after stress. This relation is useful to calculate the expected increase in 1/f noise from the 𝑉𝑇 degradation
models typically made available by the foundries to circuit designers.
1. Introduction

Dielectric defects are the main cause of reliability issues in MOS-
FETs [1]. They can affect the mobility, subthreshold swing, and thresh-
old voltage of the device. Moreover, newly generated defects during the
operational lifetime can cause Bias Temperature Instability (BTI) [2]
and Random Telegraph Noise (RTN) [3], which can jeopardize the
device reliability. Furthermore, dielectric defects are also the main
cause of 1/f noise [4], which significantly affects the performance of
many electronic circuits and must be precisely estimated at design time.

Various characterization techniques are employed to estimate trap
densities and monitor the degradation. However, different techniques
may yield varying results and different sensitivities to particular types
of dielectric defects. Therefore, a comprehensive evaluation of these
techniques under various electrical stress conditions is required to
gain a better understanding of the underlying mechanisms of dielectric
degradation.

In this study, we aim to evaluate different characterization tech-
niques to estimate the effective interface (𝑁2𝐷) and bulk (𝑁𝐵𝑇 ) trap
densities and their correlation to electrical stress conditions. We also
establish an empirical relationship between the post-stress increase in
𝑁𝐵𝑇 , as estimated through 1/f noise, and the effective trap density
𝑁2𝐷, 𝑒𝑓𝑓 , as estimated through the monitoring of the threshold voltage
shift. This relationship is useful for predicting the expected increase in
1/f noise after stress when the effect of stress on 𝑉𝑇 is known.

✩ The review of this paper was arranged by Sorin Cristoloveanu.
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2. Characterization techniques

The characterization techniques used in this work and their sensi-
tivity to dielectric defects at different energies and spatial depths are
summarized in Fig. 1. For the 𝑁2𝐷 estimation, we utilized the charge
pumping (CP) technique using a base-level sweep implementation [5],
through the relation

𝑁2𝐷, 𝑖𝑡 =
𝐼𝐶𝑃

𝑞𝑊 𝐿𝑓
, (1)

where 𝐼𝐶𝑃 is the maximum charge pumping current measured at the
substrate, 𝑞 is the elementary charge, 𝐴 is the area of the device, 𝑓 is the
frequency, 𝑊 and 𝐿 are the device width and length, respectively. To
estimate the variation of 𝑁2𝐷 with stress we considered the threshold
voltage shift (𝛥𝑉𝑇 ) as [6]

𝛥𝑁2𝐷, 𝑒𝑓𝑓 =
𝐶𝑜𝑥
𝑞

𝛥𝑉𝑇 , (2)

and subthreshold swing degradation (𝛥𝑆𝑆) [7] as

𝛥𝑁2𝐷, 𝑖𝑡 =
𝐶𝑜𝑥

ln(10)𝑘𝑇
𝛥𝑆𝑆 , (3)

where 𝐶𝑜𝑥 is the effective gate dielectric capacitance per unit area, 𝑘 is
the Boltzmann constant, and 𝑇 is the temperature. The determination
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Fig. 1. Band diagrams of pMOSFETs in inversion highlighting the sensitivity to
dielectric defects of the characterization techniques employed in this work.

Fig. 2. Plot of the charge pumping current versus 𝑉𝐺𝑆 before stress. The charge
pumping current is obtained by subtracting the charge pumping current measured at
1 kHz from the one measured at 1 MHz to eliminate bulk current components not
related to traps. The pulse amplitude for the charge pumping measurement is 1.6 V.
The value of fresh 𝑁2𝐷, 𝑖𝑡 is extracted from the peak current using Eq. (1).

of 𝛥𝑁2𝐷 via the change in threshold voltage, 𝛥𝑉𝑇 (Eq. (2)), includes
also contributions from trapping in pre-existing and newly generated
SiON bulk traps; therefore, it has been denominated 𝛥𝑁2𝐷, 𝑒𝑓𝑓 . The
impact of trapped charge within the dielectric on the threshold voltage
is weighted by the factor (1 − 𝑧∕𝑇𝑜𝑥) [8], where 𝑧 denotes the trap
position perpendicular to the channel direction and 𝑇𝑜𝑥 corresponds to
the dielectric thickness. Notably, Eq. (2) does not account neither for
the spatial dependence of the trap concentration in the 𝑧 direction nor
for the factor (1 − 𝑧∕𝑇𝑜𝑥). Hence, the parameter 𝛥𝑁2𝐷, 𝑒𝑓𝑓 serves as an
effective interface trap density, capturing the influence of the overall
charge variation in the gate stack. The extraction of 𝛥𝑁2𝐷 using charge
pumping techniques (Eq. (1)) might be influenced by bulk traps near
the interface that can charge/discharge with times compatible with
the pulsed measurement but to a lower extent. In this study, charge
pumping measurements were conducted using pulses at a frequency of
1 MHz, which implies that only defects with capture/emission times
within ≈0.5 microseconds would respond to the measurement [5]. Con-
sidering the exponential increase in capture and emission times due to
electron tunneling towards bulk traps, charge pumping measurements
primarily monitor the variation of interface traps. Similarly, the analy-
sis of 𝛥𝑆𝑆 (Eq. (3)) is anticipated to predominantly reflect the impact of
interface defects capable of capturing and emitting charges within times
compatible with the sweep time of the 𝐼𝐷 −𝑉𝐺𝑆 measurement. For this
reason, the 𝑁2𝐷 extracted with Eqs. (1) and (3) has been denominated
𝑁2𝐷, 𝑖𝑡. It is expected that the values of 𝛥𝑁2𝐷, 𝑒𝑓𝑓 extracted with 𝛥𝑉𝑇
(Eq. (2)) will be higher than the 𝛥𝑁2𝐷, 𝑖𝑡 values extracted with 𝛥𝑆𝑆
(Eq. (3)) due to the contribution of bulk trap defects.

To estimate an effective value for 𝑁𝐵𝑇 we considered 1/f noise [4]

𝑁𝐵𝑇 = 𝑆𝑣𝑔
𝑊𝐿𝐶2

𝑜𝑥𝑓𝛼
𝑞𝑘𝑇

, (4)
2

Table 1
Stress conditions applied to the pMOSFETs.

Condition Temperature [◦C] Stress time [s] 𝑉𝐺𝑆 during stress, 𝑉𝑠𝑡𝑟𝑒𝑠𝑠 [V]

(a) 25 1100 −2.4, −2.6 and −2.8
(b) 125 100 −3.1, −3.2, −3.3 and −3.4
(c) 125 7200 −3.1 and −3.2

where 𝑆𝑣𝑔 is the input-referred drain current noise and 𝛼 is a tunneling
coefficient routinely estimated through the WKB approximation and
gate leakage current (𝐼𝐺) increase with stress [9]

𝛥𝑁𝐵𝑇 (%) =
𝛥𝐼𝐺

𝐼𝐺,𝑓𝑟𝑒𝑠ℎ
. (5)

The 1/f noise measurements on the drain current of MOSFETs provide
insights into the behavior of traps whose occupancy fluctuates during
the measurement. Consequently, the energy sensitivity of 1/f noise
measurements is confined to traps located within a range of a few
thermal energies (𝑘𝑇 ) from the Fermi level [10] of the reservoirs
exchanging charge with the traps. Moreover, the extraction of 𝑁𝐵𝑇
from 1/f noise (Eq. (4)) is expected to display greater sensitivity to
defects located near the interface (with a (1 − 𝑧∕𝑇𝑜𝑥)2 weight [11]),
owing to their higher electrostatic impact on the channel charge (thus
the drain current). In contrast, the determination of 𝑁𝐵𝑇 using gate
leakage current is more sensitive towards traps located at positions
and energies favoring an increase in trap-assisted tunneling (TAT)
current. When TAT predominantly occurs via a single defect acting as
a ‘‘stepping stone’’, the 𝑁𝐵𝑇 determined through Eq. (5) will exhibit
greater sensitivity to variations in the number of traps situated in the
middle of the dielectric.

Regarding 1/f noise, Eq. (4) is derived from the general expression
for the input-referred drain current noise [4]

𝑆𝑣𝑔 =
𝑆𝑖𝑑

𝑔2𝑚
=

𝑞𝑘𝑇𝑁𝐵𝑇

𝑊𝐿𝐶2
𝑜𝑥𝛼

⋅
1
𝑓

⋅
(

1 +𝛺
𝐼𝐷
𝑔𝑚

)2
, (6)

where 𝛺 is a parameter related to mobility fluctuations (MF), 𝐼𝐷 is
the drain current, and 𝑔𝑚 is the transconductance. Note that Eq. (4)
is valid only in the carrier number fluctuation (CNF) regime when
(𝛺𝐼𝐷∕𝑔𝑚 ≪ 1). Therefore, all the trap extraction analysis is performed
at low currents and above threshold (𝑉𝑜𝑣 = 𝑉𝐺𝑆 − 𝑉𝑇 ≈ −0.1 V). The
techniques introduced in this section are used to investigate the change
in dielectric properties of p-MOSFETs after applying temperature and
negative gate voltage stress 𝑉𝑠𝑡𝑟𝑒𝑠𝑠 (i.e., Negative Bias Temperature
Instabilities conditions) as detailed in Table 1.

3. Measurements and discussion

We measured Silicon p-MOSFETs with SiON dielectric, 𝑇𝑖𝑛𝑣 = 2.5
nm, width (𝑊 ) and length (𝐿) equal to 10 μm and 1 μm, respectively.

We performed CP and 1/f noise measurements on fresh devices
to estimate the values of 𝑁2𝐷, 𝑖𝑡 and 𝑁𝐵𝑇 before stress. The noise
measurements are made with a Keysight A-LFNA low-frequency noise
analyzer with 𝑉𝐷𝑆 equal to −100 mV.

The fresh 𝑁2𝐷, 𝑖𝑡 (Fig. 2) is extracted by subtracting from the peak
CP current at 1 MHz the current at 1 kHz to eliminate current compo-
nents related to gate leakage (and thus not related to traps), and then
using Eq. (1). The fresh 𝑁𝐵𝑇 , instead, is extracted (Fig. 3) by measuring
𝑆𝑣𝑔 at 𝑉𝑜𝑣 = −0.1 V and then using Eq. (4).

After the characterization of the fresh devices, we apply the char-
acterization methods of Section 2 to the stressed devices to evaluate
the 𝑁2𝐷 and 𝑁𝐵𝑇 increase with stress. The 𝑉𝑇 is extrapolated from the
linear 𝐼𝐷 −𝑉𝐺𝑆 curve at the point of maximum transconductance [12],
while the SS is extracted by taking the median value of SS in the 0.1
nA–100 nA drain current range. It is worth noting that this range was
selected as the SS values remain roughly constant in this interval.
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Fig. 3. Plot of 𝑆𝑣𝑔 versus frequency. Notice that 𝑆𝑣𝑔 goes as 1/f from 1 Hz to
approximately 200 Hz. After 200 Hz, there is an external interference not related to
the device. The value of fresh 𝑁𝐵𝑇 is extracted from 𝑆𝑣𝑔 using Eq. (4) with 𝛼 = 1.4
⋅1010 m−1.

Fig. 4. 𝛥𝑁2𝐷 extracted through Eqs. (1)–(3) versus |𝑉𝑠𝑡𝑟𝑒𝑠𝑠|. Plots (a), (b), and (c)
represent the data for stress conditions (a), (b), and (c) from Table 1, respectively.
Eq. (2) yields a higher value of 𝑁2𝐷 compared to Eq. (3), especially at elevated stress
temperatures (b) and for long stress durations (c).

Fig. 4 compares the increase of trap density per unit area 𝑁2𝐷
extracted with the different techniques. It is noteworthy that Eq. (2)
yields higher values of 𝑁2𝐷 than Eq. (3). This outcome is unsurprising
since 𝛥𝑉𝑇 is more sensitive to the traps in the bulk of SiON compared
to 𝛥𝑆𝑆 (as detailed in Section 2). This is evident for high temperature
and high voltage stress conditions (Figs. 4(b) and 4(c)). However, this
difference becomes smaller at low-stress conditions (Fig. 4(a)), likely
due to the small amount of degradation yielding larger extraction errors
(especially Eq. (3) in the presence of small SS change). It is worth noting
that the 𝛥𝑁 values for the 𝛥𝑉 and 𝛥𝑆𝑆 presented in Fig. 4 exhibit
3

2𝐷 𝑇
Fig. 5. Plot of 𝑆𝑣𝑔 ⋅𝑓 (that is essentially flat over frequency between 1 Hz and 200 Hz
for 1/f noise) versus the drain current. Plots (a), (b), and (c) represent the data for
stress conditions (a), (b), and (c) from Table 1, respectively. The red dashed line is
the (𝑔𝑚∕𝐼𝐷)2 scaled for a direct comparison with 𝑆𝑣𝑔 ⋅𝑓 in order to identify the carrier
number fluctuations (CNF) and mobility fluctuations (MF) regions.

consistent trends for increasing amount of stress. This implies that the
defects generated during stress are detectable by all the techniques
utilized in this study (see Fig. 1).

Fig. 5 plots the 𝑆𝑣𝑔 ⋅ 𝑓 product (that is essentially independent
on frequency) versus the drain current at 𝑉𝐷𝑆 = −100 mV, for the
fresh device and the stressed devices of Table 1. No increase of 𝑆𝑣𝑔 is
observed in the mobility fluctuations regime, suggesting that dielectric
degradation does not affect noise at high currents. This contradicts
the widely accepted view that mobility fluctuation is due to remote
Coulomb scattering since this would increase with the dielectric degra-
dation [4,13]. On the other hand, the electrical stress enhances the
1/f noise within the carrier number fluctuations regime. Moreover,
Fig. 5(c) shows that the devices with high gate leakage current induced
by stress exhibit a higher noise at very high 𝐼𝐷 due to the stress-induced
leakage current (SILC) flowing into the channel and increasing the
overall 1/f noise.

Fig. 6 shows that 𝛥𝑁𝐵𝑇 (estimated with 1/f noise via Eq. (4) at
𝑉𝑜𝑣 = −0.1 V) increases with increasing stress conditions, although it is
difficult to establish the exact relation to |𝑉𝑠𝑡𝑟𝑒𝑠𝑠| since uncertainties in
the noise measurements generate significant error bars and make small
changes in the 𝑁𝐵𝑇 difficult to assess. This increase is consistent with
what was observed in other works [14].

Fig. 7 shows the percentage increase of 𝑁𝐵𝑇 estimated with 𝛥𝐼𝐺
via Eq. (5) at 𝑉 = −0.1 V vs. stress. This methodology can only
𝑜𝑣
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Fig. 6. Plot of 𝛥𝑁𝐵𝑇 extracted through 1/f noise (Eq. (4)) versus |𝑉𝑠𝑡𝑟𝑒𝑠𝑠|. Plot (a)
hows the data for stress condition (a) from Table 1, while plot (b) combines the data
or stress conditions (b) and (c) from Table 1.

Fig. 7. Plot of the percentage increase of 𝑁𝐵𝑇 extracted through the increase of gate
leakage current (Eq. (5)) versus |𝑉𝑠𝑡𝑟𝑒𝑠𝑠|. Plot (a) shows the data for stress condition (a)
rom Table 1, while plot (b) combines the data for stress conditions (b) and (c) from
able 1.

e applied under the condition that the variation of gate leakage is
ufficiently small, such that it is reasonable to assume that the leakage
till arises from TAT and scales linearly with the number of bulk traps
𝐵𝑇 ; therefore, only a few data points can be used for the analysis.

The percentage changes of 𝑁2𝐷, 𝑖𝑡, 𝑁2𝐷, 𝑒𝑓𝑓 and 𝑁𝐵𝑇 vs stress are
compared in Fig. 8. Notice that 𝛥𝑁2𝐷, 𝑖𝑡 and 𝛥𝑁𝐵𝑇 follow the same
trends (especially at high temperature and voltage stress conditions),
showing that the noise increase correlates with interface state degrada-
tion as assessed with the 𝛥𝑆𝑆. On the other hand, 𝛥𝑁2𝐷, 𝑒𝑓𝑓 estimated
through 𝛥𝑉 shows the largest changes as a function of stress, and it is
4

𝑇

Fig. 8. Comparison between the overall increases of 𝑁2𝐷, 𝑖𝑡, 𝑁2𝐷, 𝑒𝑓𝑓 , 𝑁𝐵𝑇 with the
methods of Section 2 and the stress conditions of Table 1.

Fig. 9. Plot of 𝛥𝑁𝐵𝑇 (extracted from 1/f noise with Eq. (4)) versus 𝛥𝑁2𝐷, 𝑒𝑓𝑓 (extracted
from 𝛥𝑉𝑇 measurements with Eq. (2)) for the measurements of Figs. 4 and 6. The
increase in bulk dielectric trap density can be empirically related to the effective
increase in interfacial trap density.

thus most effective in monitoring the overall dielectric degradation. As
anticipated, the threshold voltage shift emerges as the most sensitive
technique to detect variations in trapped charge within the dielectric
(see Fig. 1). Moreover, the 𝛥𝑁𝐵𝑇 extracted with 1/f noise and gate
leakage match very well for high-stress conditions (i.e., entries (b) and
(c) in Table 1). Notice that low-voltage SILC has been attributed to
an increase of interfacial traps [15]; therefore, it is reasonable that it
correlates well with the 𝑁2𝐷, 𝑖𝑡 trends. In general, it is observed that
the traps generated under the bias and temperature stress conditions
outlined in Table 1 are detectable through all the characterization
techniques, as evident from the consistent trends depicted in Fig. 8.

Finally, Fig. 9 shows the increase of 𝛥𝑁𝐵𝑇 as a function of 𝛥𝑁2𝐷, 𝑒𝑓𝑓
for all the stress conditions explored in our work. Notice that there is
a clear linear relationship

𝛥𝑁𝐵𝑇 [cm−3 eV−1] = 𝛽 [cm−1 eV−1]𝛥𝑁2𝐷, 𝑒𝑓𝑓 [cm−2] (7)

that can be fitted by one parameter 𝛽 = 0.60 ⋅107 cm−1 eV−1. This
empirical relationship suggests that the bias/temperature 𝑉𝑇 shift mod-
els typically provided by foundries to designers can be also used to
estimate the expected increase of 1/f noise in stressed devices.

4. Conclusions

We evaluated various characterization methods to monitor the
degradation of the gate dielectric of pMOSFETs under bias/temperature
stress conditions. Our results indicate that the 𝛥𝑉𝑇 method yields higher
values of 𝑁2𝐷 compared to the 𝛥𝑆𝑆 method, especially at high-stress
conditions due to the large contribution of charge trapping in pre-
existing and newly generated bulk dielectric defects to 𝛥𝑉𝑇 . Similarly,
we found that the 𝛥𝑁𝐵𝑇 obtained from 1/f noise and gate leakage
current is similar under high-stress conditions. Additionally, we noticed
that the 1/f noise increases with stress only in the carrier number
fluctuations regime, suggesting that the mobility fluctuations regime is
not affected by the degradation of the dielectric. Finally, we established
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an empirical relationship between 𝛥𝑁𝐵𝑇 and 𝛥𝑁2𝐷, 𝑒𝑓𝑓 , which may
be useful in calculating the expected increase in 1/f noise from an
expected 𝑉𝑇 shift (either measured or calculated from device aging
models provided by foundries to designers).
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