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Abstract— Hot carrier reliability under nonconduct-
ing (NC) RF and dc stresses is measured and modeled on
14/16-nm FinFETs used for RF PAs. The impact of stress
on I − V and RF parameters is examined. RF parameter
stress response suggests that degradations are located
near the drain end of the channel within the pinch-off
region. For classic Vgs = 0 V OFF-state RF stress, quasi-
static-approximation (QSA) significantly underestimates
degradation, necessitating measurement-based lifetime
modeling. At near-threshold Vgs, a condition of interest
for our PAs, the degradation shows significant die-to-die
variations dominated by variations of the subthreshold
channel current that initiates the hot carriers. Modeling
accounting for the subthreshold channel current variations
shows that the near-threshold RF stress is approximately
quasi-static. The results show that these FinFETs provide
enough margins against NC RF stress for the intended PA
applications.

Index Terms— Hot carrier stress, nonconducting (NC)
stress, power amplifiers (PAs), reliability, RF stress.

I. INTRODUCTION

IN RF power amplifiers (PAs) and switches, the transistor
experiences a high drain-to-source voltage Vds when the

gate-to-source voltage Vgs is below the threshold, i.e., when the
channel is not significantly conducting. Hot carrier stress under
such conditions is often called nonconducting (NC) stress [1].
Models for conducting hot carrier stress underestimate the
degradation under NC stress significantly [2]. In [1], RF NC
stress was measured and modeled using quasi-static approxi-
mation (QSA) [3], which allows the calculation of RF stress
response from dc stress measurement. In [4], we presented
preliminary measurements of RF and dc NC stresses on the IO
FinFETs from a 14/16-nm production technology at Vgs = 0 V,
the often used NC stress bias due to its relevance in CMOS
logic, SRAM [5], [6], and RF PAs.

This work presents the considerations that went into our
RF measurement methodology and RF stress waveform design
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Fig. 1. (a) Simulated Vgs and Vds waveform of a stacked transistor in a
digitally-modulated RF PA at peak power. (b) Probability density of Vgs.

used in [4]. We also report on new measurements character-
izing the full bias range dc and RF performance, quasi-static
modeling, and the impact of die-to-die variations. To overcome
the limited supply voltage and breakdown voltage in advanced
CMOS technologies, stacked PA designs are widely used
[7]. Stacked transistors spend a significant amount of time
operating with Vgs close to Vth, the threshold voltage, and with
high Vds, as shown in Fig. 1 for our stacked PA design at
peak output power. For handsets under a mismatched load,
the maximum Vds will further increase, e.g., from 2.2 to
2.6 V for a VSWR = 3:1 in a 28-nm stacked PA design [7].
The dashed line indicates Vth. Consequently, it is necessary
to study RF NC stress around Vgs = Vth in addition to the
widely used Vgs = 0 V condition. However, as discussed
below, the RF Vds dependence for near-threshold stress is
challenging to measure and model. We address this challenge
by accounting for die-to-die variations of the subthreshold
channel current. Our results indicate that the near-threshold
RF stress is approximately quasi-static.

II. TECHNICAL APPROACH

A. Devices
L = 135 nm n-channel IO devices widely used in RF PA

design are fabricated using a 14/16-nm FinFET technology
from a major foundry and measured on-wafer at 300 K.
Self-heating is negligible during NC stress. The source and
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body are tied together as in the PA and grounded by layout
design for RF ground signal ground (GSG) probing. The gate
and drain voltages are applied through bias tees. A 5 GHz
RF NC stress is used due to its relevance for our PA. For
selected experiments, 2 GHz RF stress was also used to
examine frequency dependence. The nominal Vdd is 1.8 V.
The devices used for Vgs = 0 and 0.5 V stresses have 512 and
614 fins, respectively. The stress responses were verified to be
unaffected by this difference.

B. Measurement Setup
We use an HP4155 semiconductor analyzer to perform dc

biasing and I − V measurements, and a Keysight N5242B
PNA-X to measure S-parameters and apply RF stress. We set
up the RF stress using a different channel to avoid interfering
with S-parameter measurements. A custom Python program
controls all instruments. We account for cable and probe losses
using a power meter. Standard open-short de-embedding is
used to remove the impact of pads and interconnects.

C. RF Stress Waveform Design
To minimize the dc stress effect during RF stress, it is vital

to reduce the dc component of Vds to a level that does not
significantly degrade the device under the dc bias conditions.
To achieve this, we select the drain dc bias and RF power such
that the minimum of Vds is zero, while the maximum, Vds,max,
is set to the desired level, such as 4.2 V.

This design also helps to avoid any unintentional stress from
timing latency between dc and RF instruments. For instance,
when the RF power appears before the dc bias takes effect, the
drain can see a negative voltage, e.g., −2 V, causing significant
stress due to reverse operation. To solve the problem, we apply
RF power after the dc drain bias is well established, with a
sufficient delay, e.g., 1 s. Similarly, the dc drain bias is stopped
after RF power is turned off by another delay. Such delays do
not cause observable errors, as degradation is negligible at the
dc bias by design.

S22 is used to estimate the impedance looking into the drain,
which is then used to calculate the required RF source power.
The gate RF termination is 50 �. As |S12| is small, the RF
swing of Vgs is negligibly small, as verified by calibrated
simulation.

The stress voltages are chosen so that the measurements
for one stress condition can be completed within 24–30 h,
including overheads of I −V and S-parameters, which is at the
limit of typical laboratory on-wafer RF measurement. Given
the long measurement time, the PNA-X calibration is verified
periodically. At each stress time, we measure:

1) Id − Vds, which is essential for PAs;
2) Id − Vgs at Vds = 0.05 and 1.8 V; and
3) S-parameters for the same Vgs sweeps, from which

small-signal RF parameters are extracted.
To save time, S-parameters are measured less frequently.

D. Quasi-Static Modeling
Due to the complexities of RF stress experiments, we are

interested in finding out if the RF stress is quasi-static. That

is, if the rate of degradation at any time can be approximated
by that measured during dc stress for the same instantaneous
voltages. If this is true, we can predict RF stress from much
simpler dc stress measurements using QSA modeling [1], [3].

The first step is making dc stress measurements at varying
dc stress input voltages Vi and constructing a model of dc
stress lifetime as a function of Vi , τdc(Vi ) [3]. At a given Vgs,
the Vi includes only Vds in this work.

Degradation of a transistor performance measure is modeled
as a function of stress time. We choose Idsat, the Id at a
well defined Vgs = Vds = Vdd, which is widely used in the
literature. While this can be repeated for all biases, we find
using Idsat sufficient so long as we also measure full bias range
I −V and S-parameters corresponding to each Idsat degradation
level. As shown in Fig. 1, the stacked transistor in the PA
also operates in saturation, e.g., when Vgs > Vth (0.5 V) and
Vds > Vgs.

τdc is determined as the stress time for a 10% Idsat degrada-
tion, a somewhat arbitrary but widely used industry standard.
We could use a different number that corresponds to a different
level of overall performance degradation, e.g., the full Id −Vds
degradation.

Our measured degradation of Idsat shows a typical power
law time dependence, i.e., ∝tn . If n is the same for different
dc stress voltages, then it may be possible to predict the degra-
dation under RF stress using QSA [1], [3]. If QSA modeling
agrees with RF stress measurement, we can further apply QSA
to determine the highest allowed RF stress. Otherwise, other
approaches need to be developed.

Below, we first describe the Vgs = 0 V stress results,
where the gate-induced drain leakage (GIDL) dominates the
drain current [1], [4] [5], [6]. We will then present the
Vgs = 0.5 V stress results where the subthreshold channel
current dominates.

III. VGS = 0 V STRESS

DC stresses are applied at Vds = 4.1, 4.2, and 4.3 V, and
RF stresses are applied at Vds,max = 3.9, 4.0, 4.1, and 4.2 V.
The RF stress Vds has a dc component of Vds,max/2 so that the
Vds minimum is 0 V. At such high Vds, the Id at Vgs = 0 V
is dominated by GIDL, as was observed in [1] and detailed
below.

A. Id − Vds Degradation
Idsat alone is not sufficient to evaluate performance degra-

dation, even though it is convenient and well-defined. We now
examine the overall degradation, particularly the output char-
acteristics when 1Idsat = 10%, the commonly used lifetime
criterion. Fig. 2 shows the Id − Vds measured for a 36 000 s
Vds,max = 4.2 V RF stress, when 1Idsat = 9.4% ≈ 10%. The
results of a dc stress with the same stress time and voltage are
also shown for comparison. After stress, the drain saturation
voltage increases, and the Id around linear to saturation tran-
sition decreases, which will reduce the output swing of a PA.
The ON-resistance degradation at Vgs = Vdd is approximately
16%, due to interface traps that decrease inversion charge
density and degrade mobility. The degradation is smaller in the
saturation region, suggesting that the interface traps are located
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Fig. 2. Measured Id − Vds degradation for 5 GHz, Vds,max = 4.2 V
RF stress, and Vds = 4.2 V dc stress. Vgs = 0 V. t = 0 and 36 000 s.
∆Idsat ≈ 10%.

Fig. 3. Measured Id − Vgs degradation for 5 GHz, Vds,max = 4.2 V RF
stress. Vgs = 0 V. t = 0 and 36 000 s. ∆Idsat ≈ 10%.

near the drain, which is further evidenced by the measured RF
parameters detailed below.

In the saturation region, the negative Id − Vds slope at
Vgs = 1.8 V due to self-heating becomes positive after stress,
indicating an output conductance increase that is sufficient to
offset the self-heating induced decrease. The RF Y -parameters
confirm the stress-induced output conductance increase, as
shown below in Section III-C.

Observe that the dc stress at the same Vds as the Vds,max in
the corresponding RF stress produces similar degradation of
the Id − Vds characteristics. QSA thus may not hold, as con-
firmed below using detailed modeling. The much simpler dc
stress may still be a useful tool for assessing RF stress in these
FinFETs at Vgs = 0 V in absence of RF stress capability. The
dc stress Vds should be set to the desired RF stress Vds,max.

B. Id − Vgs Degradation

Fig. 3 shows the Id−Vgs measured for the 36 000 s Vds,max =

4.2 V RF stress, when 1Idsat ≈ 10%. Vds = 0.05 and 1.8 V.
The dc stress curves are qualitatively similar. At high Vds,

Fig. 4. Measured linear RF characteristics versus Vgs before and after
36 000 s RF stress at which ∆Idsat ≈ 10%. Vds,max = 4.2 V.

the Vgs = 0 V current is dominated by GIDL. Crossing of
the prestress and post-stress Id − Vgs curves is consistently
observed for both RF stress and dc stress, similar to [5] and [6],
due to oxide hole trapping and acceptor-like interface trap
generation [6]. The holes are mainly from tunneling related
to GIDL, as hole trapping is much reduced at higher stress
Vgs. With stress, the subthreshold channel current increases,
while the GIDL current decreases. The GIDL decrease is much
higher than in [6], and is much higher than the subthresh-
old channel current increase. The subthreshold swing (SS)
increases after stress, as expected.

C. RF Parameter Degradation
Figs. 4 and 5 show key linear (Vds = 0.05 V) and saturation

(Vds = 1.8 V) RF characteristics versus Vgs, including Cgs,
Cgd, gm indicated by ℜ(Y21), and gds indicated by ℜ(Y22).
Calculations are made using 2 GHz S-parameters before and
after the 36 000 s RF stress, at which 1Idsat ≈ 10%.

As the linear region shows much more changes in Cgs, Cgd,
and gm than the saturation region, we expect the damages to be
located close to the drain end of the channel that is depleted in
saturation. We further expect the length of the damage region
to be smaller than the length of the pinch-off or velocity satura-
tion region, as the saturation Cgs shows practically no change.
This result is unsurprising given the relatively long channel
(135 nm for high breakdown voltage). The saturation peak gm

degradation is due to mobility degradation, as evidenced by
the linear region peak gm degradation. The slight saturation
Cgd change is likely due to damages in the gate–drain overlap
region.
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Fig. 5. Measured saturation RF characteristics versus Vgs before and
after 36 000 s RF stress at which ∆Idsat ≈ 10%. Vds,max = 4.2 V.

At Vds = 0.05 V, once Vgs exceeds threshold, the transistor
operates in the linear region. Compared to saturation, the
interface states near the drain are much more electrically active
(occupied by electrons), hence affecting the Cgs, Cgd, gm and
gds more significantly. After stress, Cgs increases, while Cgd
decreases, due to reduced inversion level near the drain. The
overall transistor Vth shows little shift, considerably smaller
than what we observe for conducting stress, as can be seen
from Cgs, gm and gds versus Vgs characteristics.

At Vds = 1.8 V, the transistor operates in the saturation
region, surface potential and inversion charge are highly
nonuniform along the channel. The drain-end inversion charge
density is low, and experiences velocity saturation, hence
affecting Cgs, Cgd, gm and gds in a much weaker manner
relative to Vds = 0.05 V. The RF gds increases after stress,
which causes the increase of Id −Vds slope in Fig. 2, offsetting
the prestress negative Id − Vds slope due to self-heating. The
gm degradation is much less obvious than at Vds = 0.05 V
in Fig. 4, as expected. Observe that the saturation RF gds is
always positive, while the dc gds from Id − Vds derivative
(see Fig. 2) is negative prestress. For intermediate Vds, the
degradation of Ids, Cgs, Cgd, gm , and gds are expected to lie
between the two Vds extremes.

D. Time and Voltage Dependence of DC Stress
Fig. 6 shows the 1Idsat in percentage versus stress time for

various dc stress Vds at Vgs = 0 V. Data can be well-fit using
the usual power law, resulting in a time exponent n ≈ 0.21.
The dc stress lifetime τdc can then be determined as the time
at which 1Idsat = C , the end-of-life criterion. We choose

C = 10% following industry practice [1], [3]. Mathematically,
the dc stress degradation time dependence can be written
as [2], [3]

Ddc(t) = C
(

t
τdc(Vds)

)n

(1)

where Ddc(t) is the dc stress degradation at stress time t . Here
we use 1Idsat percentage as Ddc. The Vds dependence of τdc is
modeled using Takeda’s equation which models the intercept
of the time dependence of Ddc(t) as a function of Vds as [8]

C
[τdc(Vds)]n

= αdc · exp
(

−
βdc

Vds

)
(2)

where αdc and βdc are empirical coefficients. We now have
a τdc(Vds) model that can be used to calculate RF stress
degradation using QSA.

E. QSA Versus RF Stress Measurement

As all the dc stresses share a time exponent n, there
exists the possibility that QSA may hold. Mathematically, the
degradation under time-varying stress Vds can be described
by [3]

DRF,QS(t) = C
(∫ t

0

1
τdc(Vds(t ′))

dt ′

)n

. (3)

Consider t = N · T , with T being the period and N being
a large integer. The integral only needs to be made for one
cycle, and the t dependence reduces to a power law with the
same time exponent n

DRF,QS(t) = C
(∫ T

0

1
τdc(Vds(t ′))

dt ′
· N

)n

(4)

= C
(∫ T

0

1
τdc(Vds(t ′))

dt ′
t
T

)n

(5)

= C
(

t
τRF,QS

)n

(6)

where τRF,QS is the quasi-static RF stress lifetime [3]

τRF,QS =
T∫ T

0
1

τdc(Vds(t ′))
dt ′

. (7)

From (6), if the RF stress-induced degradation is quasi-static,
the time exponent n will be the same as in dc stress. The RF
stress lifetime can be calculated using the dc stress lifetime
model according to (7).

Using the τdc(Vds) model of (2), we calculate the instanta-
neous degradation rate, 1/τdc(Vds(t ′)), for a 5 GHz RF stress
with Vds,max = 4.2 V, for one RF cycle in Fig. 7. The left y-axis
shows Vds, the right y-axis shows the degradation rate, and
time is normalized by the period. The average of 1/τdc(Vds(t ′))

is then calculated to obtain τRF,QS using (7).
Next, we calculate QSA RF degradation using (6) and

compare the “prediction” with measured RF degradation in
Fig. 8. The dc stress degradation at a Vds equal to the RF stress
Vds,max of 4.2 V is also shown for reference. The measured RF
stress degradation has a different n ≈ 0.31, much higher than
the QSA prediction, which demands n to be the same as dc
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Fig. 6. Measured (symbols) and fit (lines) ∆Idsat versus stress time
for various dc stress Vds. Vgs = 0 V. Lifetime is determined as the time
required to cause 10% degradation.

Fig. 7. Vds(t) and instantaneous degradation rate for one RF cycle
calculated using QSA. Vgs = 0 V.

Fig. 8. Comparison of QSA (red line) and measured (symbols) RF
stress degradation versus stress time. Vgs = 0 V. Vds,max = 4.2 V,
together with the measured dc stress degradation at Vds = 4.2 V.

stress, n ≈ 0.21. The measured RF stress lifetime is only about
1/10th of the QSA prediction.

Intuitive explanations of the higher n in RF stress and the
nonquasi-static observation of the GIDL-induced stress are
challenging. Processes like oxide hole trapping and Si-H bond
dissociation are not necessarily quasi-static in theory, even
for conducting stress [9]. At Vgs = 0 V, GIDL dominates,
tunneling-induced holes gain energy and become hot while
drifting in the high field. The response of tunneling, carrier
energy, and hot carrier current to Vds change takes time. It is
plausible that 5 GHz is too fast for QSA to hold for some
of these processes, particularly considering the much lower

Fig. 9. ∆Idsat versus stress time for dc and RF stresses at Vgs = 0 V.
The dc stresses show approximately one slope, while the RF stresses
show approximately another higher slope.

transistor cut-off frequency at Vgs = 0 V. If the average hot
carrier energy and number in RF stress end up higher than the
QSA prediction, n could be higher. Experiments at many lower
frequencies are needed for further understanding. As shown
below, at Vgs = 0.5 V, hot carriers originate from channel
current, and the channel is relatively more conductive. Carriers
gain energy faster, and QSA works approximately.

Fig. 9 compares the dc and RF stresses of varying Vds at
Vgs = 0 V. All the dc stresses show approximately one slope,
while all the RF stresses show approximately another slope.
As QSA does not hold, we cannot use (7) to determine RF
stress lifetime for a given Vds,max, or determine the allowed
Vds,max for a ten-year lifetime.

F. RF Stress Empirical Modeling

The fact that all the RF stresses share approximately the
same time exponent means that we can still model the RF
stress degradation function using the simple power law. We can
further model the Vds,max dependence of the corresponding RF
stress lifetime, in the same manner as (2)

C
(τRF)n

= αRF · exp
(

−
βRF

Vds,max

)
(8)

where the subscript “RF” signifies RF stress. An inspection
of (8) shows that ln(τRF) is linearly proportional to 1/Vds,max.
We therefore plot τRF on a logarithmic scale versus 1/Vds,max
on a linear scale in Fig. 10. For a ten-year lifetime, the
extrapolated RF Vds,max is 3.32 V, which is considerably higher
than the NC operating condition of the transistor in our PA, if
we were to design the PA for a minimum Vgs of 0 V. Assuming
a 0.01-year lifetime requirement for mismatched loads, the
allowed Vds,max is 3.97 V.
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Fig. 10. RF stress lifetime defined by ∆Idsat = 10% versus V−1
ds,max.

Vgs = 0 V. For a ten-year lifetime, the RF maximum Vds allowed is 3.32 V.
For a 0.01-year lifetime, the RF maximum Vds allowed is 3.97 V.

IV. NEAR-THRESHOLD VGS = 0.5 V STRESS

As shown in Fig. 1, the stacked transistor in our PA operates
near the threshold voltage, Vgs = 0.5 V, with a high proba-
bility. Therefore, we make dc and RF stress measurements at
Vgs = 0.5 V. Vds is reduced compared to Vgs = 0 V.

The Id − Vds and RF parameter degradation behaviors are
similar to the Vgs = 0 V results presented above for the
same Idsat degradation percentage. The Id − Vgs degradation
behavior is different mainly in the subthreshold region, with
a less obvious crossing of pre and post-stress curves, which
indicates less oxide hole trapping due to the reduced number
of holes from reduced GIDL at higher Vgs. However, modeling
of Vds dependence and related lifetime prediction proves to be
much more challenging due to a much more substantial die-
to-die degradation variation. By accounting for the die-to-die
variation of the subthreshold channel current, we find that QSA
can be used for near-threshold RF stress modeling, as detailed
below.

A. Die-to-Die Variation of Degradation
Fig. 11(a) shows a set of RF stress measurements that

illustrate the difficulty with identifying the Vds,max dependence
of stress response, which was not an issue with Vgs = 0 V RF
stresses.

1) Two Vds,max = 3.5 V 5 GHz RF stresses, sc34 and sc37,
showing a significant difference, implying a sizeable die-
to-die variation of the stress response. The labels are
identifiers of stress measurements.

2) Two Vds,max = 3.4 V 5GHz RF stresses, sc33 and sc41,
again showing considerable variation.

3) Two Vds,max = 3.3 V RF stresses at 2 and 5 GHz, which
would be identical if the stress is quasi-static and there
is no die-to-die variation [1].

To confirm that die-to-die variation is at play, we compare
in Fig. 12 the prestress Id −Vgs of the devices used in Fig. 11.
Vds = Vdd = 1.8 V. Observe as follows.

1) At Vgs = 0.5 V, Ids varies from 16.40 to 64.39 µA. The
variation is understandable as the Ids in this region is due
to subthreshold channel current, which depends on Vth
exponentially. As a result, Vth variation greatly impacts

Fig. 11. (a) Measured (symbols) and fit (lines) ∆Idsat versus stress
time for RF stresses at Vgs = 0.5 V, illustrating the difficulty of identifying
Vds,max dependence. (b) ∆Idsat versus Is(Vds,max) · t.

Ids in this region. Vth varies from 0.5046 V for sc33 to
0.5561 V for sc41, tracking Ids. As Vds is high, Vth is
extracted as the Vgs at which Id equals the Vds = 0.05 V
Id at the Vth extracted using linear extrapolation.

2) At Vgs = 0 V, Id shows the typical signature of GIDL.
Its variation is much less. Thus we did not experience a
sizeable die-to-die degradation variation.

3) At Vgs much higher than the threshold, the variation of
Id is slight and consistent with the amount of variation
in the Id − Vds characteristics.

This significant variation of subthreshold Id is a primary
contributor to the observed die-to-die variation of stress
responses, as the hot carriers are initiated by the electrons
coming from the source. A higher channel current naturally
leads to more hot carriers. The time exponent n in Fig. 11(a)
varies from 0.29 to 0.32, centering around 0.3. As described
below, the n value is similar to the n for dc stress, making
QSA possible.
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Fig. 12. Comparison of prestress Id − Vgs of transistors used for
Vgs = 0.5 V RF stresses. Vds = 1.8 V.

Fig. 13. Measured (symbols) and fit (lines) ∆Idsat versus stress time for
dc stresses at Vgs = 0.5 V.

B. DC Stress Degradation Modeling
We adapt the degradation model of [1] for FinFETs

Ddc(t) =

(
K

Is

Nfin
V m

ds t
)n

(9)

where Is is the source current, Nfin is the total number of fins,
K , m, and n are model parameters. It is necessary to model the
Vds dependence of Is , as the RF Vds varies by several volts in
one cycle. On RF structures, as the source is grounded and not
accessible, we still measure Id at lower Vds before avalanche
becomes appreciable and extrapolate to higher Vds.

In theory K , m, and n also have die-to-die variations [9].
The time exponent n extracted from fitting Ddc(t) versus t
varies from 0.28 to 0.31, as shown in Fig. 13, which is slight
but observable. However, our measurements show that the Is

variation is dominant. Once we account for Is variation, and
determine K , m, and n from dc stresses, we can apply QSA
to reasonably “predict” the RF stress lifetime. The dc stress
n is similar to the RF stress n, suggesting we explore QSA.
We now recast (9) into the form of (1), and obtain the dc stress
degradation rate, as defined by

1
τdc

= C−
1
n · K ·

Is

Nfin
· V m

ds . (10)

For dc stress only, we rewrite (10) as

Nfin

Is · τdc
= C−

1
n · K · V m

ds . (11)

Fig. 14. Comparison of 1/τRF versus Vds,max from quasi-static mod-
eling and RF stress measurements. Each measurement is made on a
fresh new die.

K and m can then be determined through a straight-line fitting
of the left-hand side of (11) as a function of Vds on logarithmic
scales.

C. RF Stress Degradation Quasi-Static Modeling
Substituting (10) into (7), we can obtain the quasi-static

RF stress lifetime, and then DRF,QS(t) using (6). A simple
yet effective method to examine the impact of die-to-die Is

variation on RF stress is used during model development.
In applying (10) to (7), we can approximate Is(t ′) by its value
at the RF peak when the degradation rate (1/(τdc(Vds(t ′)))) is
the highest and contributes most to the integral in (7). Then,
(1/(τdc(Vds(t ′)))) ∝ Is(Vds,max), and (1/τRF,QS) ∝ Is(Vds,max).

We can then plot the RF stress degradation as a function of
Is(Vds,max) · t according to (6), as shown in Fig. 11(b), before
calculating the integral required for (7). For dc stress, Vds is
time-invariant, and Is · t can be interpreted as a “stress charge”
that measures the number of channel charges initiating the hot
carriers. dc stress model parameter extraction using (11) then
automatically accounts for Is variation. For RF stress, such
interpretation is less valid but not essential, as this “stress
charge” is not used for calculating τRF,QS. Instead, the entire
time dependence of Is through Vds will be used. With a simple
change of the x-axis from time to a charge quantity, we can
account for the Is variation, which is highly useful during
measurement. The degradation data for the same Vds,max from
different dies are much closer, suggesting that Is variation is
the main reason for the observed degradation variation.

We now proceed with the complete QSA formulation,
i.e., (7), to calculate RF stress lifetime and compare the results
with RF stress measurements. The quasi-static instantaneous
degradation rate is calculated using (10) with complete time
dependence of Is through its Vds dependence primarily due to
DIBL. The die-to-die variation of Is is considered using the
prestress measurement data. Fig. 14 compares the 1/τRF versus
RF stress Vds,max from quasi-static modeling and RF stress
measurements. Modeling results are shown in ◦, and measure-
ments are shown in ×. A reasonable agreement between QSA
modeling and RF stress measurement is achieved. To predict
the allowed Vds,max for a ten-year lifetime under matched load,
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Fig. 15. τRF versus Vds,max using QSA for the transistors used in
Fig. 11, accounting for die-to-die variation. The blue and red dashed
lines indicate a ten-year and a 0.01-year lifetime. Vgs,dc = 0.5 V.

we calculate the quasi-static τRF as a function of Vds,max, using
the Is of the devices in Fig. 11. The results are shown in
Fig. 15. The Vds,max varies from 2.46 to 2.56 V, which is
sufficient for our PAs that see less than 2 V. While the variation
in Vds,max is small, it is important to note that modeling the
Vds,max dependence of τRF was impossible without considering
the die-to-die variation of Is . Also shown is the 0.01-year
lifetime line for the estimation of Vds,max under mismatched
load, which is around 3.2 V.

V. CONCLUSION

The impact of NC RF and dc stresses on the dc and
RF parameters of IO FinFETs used for RF PAs in a
14/16-nm production technology is investigated experimen-
tally. At Vgs = 0 V, the drain current is dominated by
GIDL. The dc and RF stress degradation show different time
exponents (n), and QSA significantly overestimates RF stress
lifetime. All the RF stress degradation share a common n,
and exhibit a Vds,max dependence that can be modeled using
Takeda’s equation. The die-to-die variations of GIDL and the
resulting degradation are slight. A significant die-to-die degra-
dation variation is observed for near-threshold stress, which we
attribute to subthreshold current variations. By modeling the
die-to-die variation of the source current, we show that the
RF stress degradation is reasonably quasi-static. The result
supports channel current as the primary source of hot carriers,
as is in conducting stress [10], despite the much lower Vgs.

A simple method for a quick inspection of the impact of die-
to-die variation is demonstrated. In both cases, the modeled
Vds,max is found to be sufficient for our intended PAs. RF mea-
surements of Cgs, Cgd, gm , and gds suggest that the damages are
located near the drain end of the channel within the pinch-off
region in saturation.

ACKNOWLEDGMENT

The authors would like to acknowledge Keysight Technolo-
gies for equipment and measurement support.

REFERENCES

[1] A. Cattaneo, S. Pinarello, J.-E. Mueller, and R. Weigel, “Impact of
DC and RF non-conducting stress on nMOS reliability,” in Proc.
IEEE Int. Rel. Phys. Symp., Apr. 2015, pp. XT.4.1–XT.4.4, doi:
10.1109/IRPS.2015.7112835.

[2] L. Negre et al., “Reliability characterization and modeling solution to
predict aging of 40-nm MOSFET DC and RF performances induced by
RF stresses,” IEEE J. Solid-State Circuits, vol. 47, no. 5, pp. 1075–1083,
May 2012, doi: 10.1109/JSSC.2012.2185549.

[3] A. J. Scholten, D. Stephens, G. D. J. Smit, G. T. Sasse, and J. Bisschop,
“The relation between degradation under DC and RF stress conditions,”
IEEE Trans. Electron Devices, vol. 58, no. 8, pp. 2721–2728, Aug. 2011,
doi: 10.1109/TED.2011.2153854.

[4] X. Ding, G. Niu, H. Zhang, W. Wang, K. Imura, and F. Dai,
“Impact of non-conducting RF and DC hot carrier stresses on Fin-
FET reliability for RF power amplifiers,” in Proc. IEEE Radio
Freq. Integr. Circuits Symp. (RFIC), Jun. 2022, pp. 199–202, doi:
10.1109/RFIC54546.2022.9863173.

[5] K. Hofmann, S. Holzhauser, and C. Y. Kuo, “A comprehensive anal-
ysis of NFET degradation due to off-state stress,” in Proc. IEEE
Int. Integr. Rel. Workshop Final Rep., Oct. 2004, pp. 94–98, doi:
10.1109/IRWS.2004.1422747.

[6] N.-H. Lee, D. Baek, and B. Kang, “Effect of off-state stress and drain
relaxation voltage on degradation of a nanoscale nMOSFET at high
temperature,” IEEE Electron Device Lett., vol. 32, no. 7, pp. 856–858,
Jul. 2011, doi: 10.1109/LED.2011.2145350.

[7] S. Daneshgar et al., “High-power generation for mm-wave 5G power
amplifiers in deep submicrometer planar and FinFET bulk CMOS,” IEEE
Trans. Microw. Theory Techn., vol. 68, no. 6, pp. 2041–2056, Jun. 2020,
doi: 10.1109/TMTT.2020.2990638.

[8] E. Takeda and N. Suzuki, “An empirical model for device degradation
due to hot-carrier injection,” IEEE Electron Device Lett., vol. EDL-4,
no. 4, pp. 111–113, Apr. 1983, doi: 10.1109/EDL.1983.25667.

[9] W. McMahon, Y. Mamy-Randriamihaja, B. Vaidyanathan, T. Nigam,
and N. Pimparkar, “From atoms to circuits: Theoretical and empirical
modeling of hot carrier degradation,” in Hot Carrier Degradation in
Semiconductor Devices, T. Grasser, Ed. Cham, Switzerland: Springer,
2015.

[10] C. Hu, S. C. Tam, F.-C. Hsu, P.-K. Ko, T.-Y. Chan, and K. W. Terrill,
“Hot-electron-induced MOSFET degradation—Model, monitor, and
improvement,” IEEE J. Solid-State Circuits, vol. SSC-20, no. 1,
pp. 295–305, Feb. 1985, doi: 10.1109/JSSC.1985.1052306.

Authorized licensed use limited to: Auburn University. Downloaded on October 24,2023 at 03:06:50 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/IRPS.2015.7112835
http://dx.doi.org/10.1109/JSSC.2012.2185549
http://dx.doi.org/10.1109/TED.2011.2153854
http://dx.doi.org/10.1109/RFIC54546.2022.9863173
http://dx.doi.org/10.1109/IRWS.2004.1422747
http://dx.doi.org/10.1109/LED.2011.2145350
http://dx.doi.org/10.1109/TMTT.2020.2990638
http://dx.doi.org/10.1109/EDL.1983.25667
http://dx.doi.org/10.1109/JSSC.1985.1052306

