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On the Physical Meaning of Single-Value
Activation Energies for BTl in Si
and SiC MOSFET Devices

M. W. Feil

Abstract— Bias temperature instability (BTl) has been
shown to be the collective response of an ensemble of
defects to a gate voltage signal. Each defect can be
described using first-order reactions for either charge trap-
ping or defect creation with a broad distribution of time
constants. Consequently, the temperature dependence of
BTl has to be determined by a distribution of activation ener-
gies reflecting the variety of available defects. Commonly
employed single-value apparent activation energy-based
modeling of BTl can therefore be at best a very rough
approximation and its apparent activation energy is con-
sequently a model parameter without physical justification.
This study investigates the impact of measurement parame-
ters, such as the extraction point in the drift curve and the
recovery time, on these apparent activation energies that
can be extracted either by threshold voltage shift increase
(vertical method) or by stress time acceleration (horizontal
method). The framework of activation energy maps enables
an analytical mathematical approach to calculate the depen-
dence of extracted apparent activation energies on the mea-
surement parameters. A comparison between Si and SiC
MOSFET devices is employed, and nonphysical negative
apparent activation energies are explained. Since appar-
ent activation energies have been repeatedly employed to
justify physics-based descriptions of BTI, their physical
(in)significance is discussed.

Index Terms— Activation energy maps (AE maps),
apparent activation energy, Arrhenius law, bias temperature
instability (BTI), modeling, recovery.

|. INTRODUCTION

CTIVATION energies are commonly employed to
account for the temperature dependence of bias tem-
perature instability (BTI) that is a degradation mechanism
in MOSFETs leading to device parameter shifts upon gate
voltage stress [1]-[3]. The relationship between threshold
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Fig. 1. Measured threshold voltage shift A Vi, from a silicon technology
with a stress voltage of Vgg = —2 V at three different temperatures. Solid
lines indicate the drift values resulting from a simulation based on the AE
map in Fig. 2 [8]. (a) Stress time dependence at a constant recovery
time of4tr = 1 ps. (b) Recovery time dependence after a stress time of
ts = 107 s.

voltage shift and stress time is often empirically modeled with
a power law

AV = C1" (1)

with C as a temperature- and bias-dependent prefactor and #
as the stress time. The time exponent » is usually assumed to
be temperature and stress time independent and is typically
in the range of 0.1-0.3 [2]. Note that the assumption of
time-independent n does not hold for all time scales, as the
degradation has been shown to saturate [4], [5]. In most cases,
the stress time dependence of the threshold voltage shift is
determined by measure-stress-measure (MSM) schemes with
single or extended threshold voltage readouts [6] consisting
of increasing stress periods that are interrupted for recovery
phases during which the threshold voltage is measured and
compared to an initial reference. A detailed discussion of
different measurement techniques typically used for Si and
SiC MOSFETs can be found in [7]. Accordingly, temperature
dependence of BTI is monitored by performing the MSM
schemes at different temperatures, e.g., at 71 and 7>, and mod-
eled by introducing an apparent activation energy. This appar-
ent activation energy is commonly extracted in two different
ways. The conventional vertical extraction method determines
an apparent activation energy E;}Dg by the temperature-induced
change of the threshold voltage shift A Vi, after a certain stress
time [see Fig. 1(a)]
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Fig. 2. AE and CET maps of a silicon technology extracted from the data
presented in [8] for Vg = —2 V. Both maps are shown on a logarithmic
color scale. A density value of x corresponds to A V4, of 10X VeV —2
and 7 x 10X mV. (a) AE map for the recoverable and quasi-permanent
component. (b) CET map at T = 150 °C calculated from (a). Note that
the shown density values are per squared decade in time.

In contrast, the horizontal extraction method determines an
apparent activation energy E :FIE from the temperature induced
change in time f; needed to reach the same threshold voltage
shift [see Fig. 1(a)]

E™ — 2 (ts") . 3)
’ n-T fs,2

Variations in the apparent activation energy have an expo-
nential impact on the extrapolated end-of-life of a MOSFET
device. The extracted apparent activation energies differ
widely and are typically on the order of E:F\I; ~ 0.1eV [1], [9]
and E;?I?I ~ 1eV. In addition, these activation energies
strongly depend on bias, stress, and recovery time. The dif-
ferences are quite dramatic and one might rightfully question
the physical significance of these values. This is insofar of
fundamental importance as these activation energies have often
been used to claim certain physical processes to be responsible
for the degradation, e.g., the diffusion of hydrogen [10]-[12].

In the following, we will model BTI using an ensemble
of defects following first-order kinetics with distributed cap-
ture and emission activation energies E. and E. [13]-[18].
For a certain gate voltage, the activation energies of each
defect are determined by defect type and position. While both
charge trapping and simple bond-breakage reactions have been
described using first-order reactions, such distinctions are not
necessary once the distribution of activation energies is known.
Note that these activation energies can be significantly higher
than 1eV [see Fig. 2(a)]. The resulting time constants are
referred to as capture and emission times 7. and 7.

This theoretical framework allows us to discuss the depen-
dence of apparent activation energies on the measurement con-
ditions and describe it mathematically. We show under which
conditions these apparent activation energies give reasonable
results.

For this purpose, we use previously published model para-
meters for a 130 nm silicon technology with a 2 nm nitrided
gate oxide. The underlying mathematical formulas and the
dependence of the apparent activation energies on the point
of extraction are presented. We further clarify the role of
stress voltage level and recovery time, whereby the latter enters
most measurements as the measurement delay time. Finally,
we repeat the procedure for a silicon carbide technology and

determine the differences and challenges in comparison to
silicon. This comparison is insofar revealing as in SiC tech-
nologies negative apparent activation energies can be easily
observed.

Il. ACTIVATION ENERGY MAP

An activation energy map (AE map) is a 2-D distribution
representing the contribution from different capture and
emission activation energies to the overall threshold voltage
shift. It was demonstrated that the defect kinetics of each
individual defect can be well described by an Arrhenius
law [8], [13], [19]

Ea
T = 109 eXp (kB—T) . 4)

Extended MSM (eMSM) schemes with long recovery traces
enable the determination of the distribution of capture and
emission time constants (CET maps) by numerically calculat-
ing the second mixed partial derivative of the threshold voltage
shift as a function of stress and recovery time. For further
details, please refer to the respective literature [17], [20].
In fact, the resulting distribution extends over several orders of
magnitude in time [see Fig. 2(b)]. The capture and emission
time constants of each defect are reciprocally linked to the
reaction rate of their respective process [13]. Consequently,
full recovery is achievable, particularly at higher tempera-
ture [9], [21]. Using (4), CET maps at different temperatures
allow the extraction of an analytic AE map that is valid for
a certain pair of stress and recovery voltages [see Fig. 2(a)].
Voltage-level-dependent models with AE maps have already
been proposed [22]. The occurring distribution of activation
energies can be described by the superposition of two separate
distributions where each of them follows (5) [20], [22]-[24]:

A (Ec _,Uc)2
E,E)=—— -exp|———
g(E, E.) 2m0c0a, p( 20_3

_(Ee—(rEc+/1Ae))2). )

2
205,

The model parameter r introduces a correlation between
E. and E. and can be varied from zero to one [25]. This
distribution is a bivariate Gaussian distribution in E. and E.,
scaled by the factor A, and can be transformed in its standard
form by employing the following relations:

Ue :=Tlc+ UAe (6)

aez = aie + rzac2 @)

p=rZ 8)
Oe¢

The parameters u. and o, are the mean and the standard
deviation of E., and p is the correlation coefficient. The
two distributions constituting the AE map are the recoverable
component (R) and the quasi-permanent component (P), based
on the time scales related to them. The description of the
activation energy distribution with two superimposing bivariate
Gaussian distributions allows an analytic approach for the
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Fig. 3. Schematic of apparent activation energy extraction with the vertical and horizontal method. The stress times at temperature Ty are chosen
to be equal for the two methods. The recovery time is assumed to be the same at both temperatures. Therefore, the measurement at temperature
T4, depicted on the left-hand side, is identical for both methods. At T, the threshold voltage shift is obtained by integration of the AE map over
the blue framed area. The overlap of the distributions R and P with the integration area is marked in dark gray. The threshold voltage shift at the
higher temperature Ty is obtained by integration over the red framed area on the right-hand side. For the vertical extraction, the freely chosen
measurement conditions Ty, T», fs, and t determine the quantities Egq1, Eg1, Ecp, and Egp that define the areas Ag, A, and Ac, respectively. The
vertical activation energy is determined by integration of the AE map over these areas following (10). Though starting with the identical measurement
at Tq, the horizontal extraction is different. While the measurement conditions Ty, To, f51, and fr are the same as for the vertical method, hence,
the respective energies Eqq, Eg1, and Egp are the same, f5p is determined by the condition A V4, (T1) = AVyy(T2). Consequently, the contribution
in area Ag that is lost by increasing the temperature from Ty to To has to be equal to the contribution from area Ac that is gained by increasing
the temperature. As a result, under the condition of a comparably small contribution from Ag and a high amplitude of the distribution around Egq,
the area A will be small and Egp will be close to E¢4. According to (11), the horizontal activation energy will under these circumstances be close
to EC1 .

T »E

E

calculation of the threshold voltage shift TABLE |
AE MAP PARAMETERS OF FIG. 2
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A. Vertical Extraction

Ecs 00
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Vertical extraction of an apparent activation energy uses
the ratio of the threshold voltage shifts at two different

threshold voltage shift after specific stress and recovery times. ~temperatures 7 and T3 [see (2)]. The stress time (extraction
A convenient simplification was performed by approximating point) and the recovery time, after which the threshold voltage
P(Ec, Ee, ts, t;) ~ @ (Ees — E¢)® (Ee — Eer) in (9), where © shift is measured, are kept constant. All stress and recovery
times correspond to energies in the AE map and are named

Ec1, Ec1, Ec» and Ep for the temperatures 77 and 7.

In Fig. 3, the principle of the vertical activation energy is
illustrated. The energies E¢1, Ec1, Ec2, and E¢ are determined
by the measurement conditions, such as the stress time,
recovery time, and chosen temperatures. These energies span
three areas A, Ag, and Ac in the AE map contributing to the
threshold voltage shift and determine the vertical activation
[Il. BASIC PRINCIPLES OF APPARENT energy. The threshold voltage shift at 7| is obtained by

ACTIVATION ENERGY EXTRACTION integrating the two distributions R and P over the area AU Ag.
For the higher temperature 7>, the integration is performed
over the area A U Ac. If 1(S) is the integral of the AE map
over the area S, then the vertical activation energy can be
written in the following form:

Integration of the product of the AE map with a stress
and recovery time-dependent occupation map yields the total

is the Heaviside step function and E.; and Es are the energies
corresponding to the recovery and stress times calculated
with (4), respectively. This approximation corresponds to the
assumption that all defects with capture times smaller than the
stress times are occupied and all defects with emission times
smaller than the recovery time are unoccupied.

In general, the threshold voltage shift has to be calculated
separately for the recoverable and the quasi-permanent com-
ponent because the distributions have a different 7o relating
capture and emission times with the respective energies (see

Table I). Since we focus here on the qualitative interpretation T T 1 + L4
. . . A app 142 I1(A)
of these two extraction schemes, in Section III, 7y is assumed E, v =ks — n |3 L) (10)

to be equal for both components for simplicity. 1(A)
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As can be seen above, the vertical activation energy is
controlled by the ratios of integrals. As the set of energies
{Ec1, Ee1, Ec, and Egp} is determined by temperature,
stress time, and recovery time, the defined integration areas
depend on the same parameters. As a result, these parameters
determine the apparent vertical activation energy, as discussed
later.

B. Horizontal Extraction

For the horizontal activation energy, the same set of energies
{Ec1, Ee1, Eca, and E¢»} is used. Given the same recovery
times at both temperatures and the same stress time at tem-
perature 77, only the energy E, differs from the parameters
in the vertical method. E, is determined by the condition that
the threshold voltage shift is equal at both temperatures. This
corresponds to varying the integration area Ac in such a way
that I (Ac) = I(Ag) is achieved. Straightforward calculations
reveal the dependence of the horizontal activation energy on
the difference between the parameters E.» and E]

T
—(Exx — Eq1) .
T — T ( c2 cl)

=AE

aj
Ea?g = Ec1 —

(1)

Note that for our particular example, the amplitude A [see (5)]
of the quasi-permanent component is more than twice the
amplitude of the recoverable component. Regions where the
value of the two superimposed distributions is high contribute
more to I(Ac). Hence, a small contribution from 7(Ag)
frequently leads to a small AE, and thus, the horizontal
activation energy E:f’lg approaches E.;. This is the reason why
the horizontal activation energy under reasonably long stress
times is on the order of the activation energies of the quasi-
permanent component.

Due to its dependence on the set of energy parameters and
the condition of equal threshold voltage shift, the horizontal
activation energy also depends on temperature, stress time, and
recovery time.

IV. ANALYTIC FORMULATION OF APPARENT
ACTIVATION ENERGY EXTRACTION

It is possible to describe the dependence of the apparent
activation energies on the measurement parameters mathemat-
ically using analytic approximative formulas.

A. Vertical Extraction

Unfortunately, the bivariate Gaussian distribution can,
in general, not be integrated in closed form. A very precise
approximation for the vertically extracted activation energy in
analytical form can be derived by using a formula for the
threshold voltage shift suggested previously [23]. A rougher
and simpler but more explicit approximation can be obtained
by neglecting recovery and approximating the Gaussian
profiles with logistic distributions of the same standard

a)0.15 b)1.5 -
— AE map ) —t=1ps T
--- Logistic approx. /' e t=10s

s s

2, P X

0.1 / —
§>«f / %Id E1 approx.
w / |wos — AE
0.05 0 -
10 10# 102 10° 102 10* 0 20 40 60 80
Stress time [s] AV, [mV]
Fig. 4. Analytic approximations for the set of parameters presented

in Table | at Vgg = —2 V: (a) stress time dependence of the vertical
activation energy based on an AE map simulation at a recovery time
of 1 ps and the logistic approximation from (12). The temperatures are
set to be Ty = 120 °C and T, = 150 °C. (b) Threshold voltage shift
dependence of the horizontal activation energy based on AE maps,
the horizontal activation energy based on the E;q approximation from
(13), and their difference AE (see definition in (11)). The recovery times
are set to be 1 ps (solid lines) and 10 s (dashed lines) and temperatures
are chosenas Ty = 120 °C and T, = 150 °C. Note that AE'is small and
almost constant over a wide range, particularly at f = 1 ps.

deviation [20] [see Fig. 4(a)], which gives

)
-

(1+Cr(T)s ") ™ + A(1+Cp(To)i P 72) ™!
n((l+(&(Tﬂ@”““)‘4—A(1+Cb(n)g”*ﬂ)1

app __
EX =k

mkg T fhe,i T .
i = , Ci(T):=ex = )7 e (R, P}
i O'C,i\/§ ' p(o'c,i\/§ 0.t
A := Ap/AR. (12)

B. Horizontal Extraction

The mathematical treatment of the horizontal method is
much more complicated than that of the vertical method.
Nevertheless, under the already discussed conditions of a
long stress time and a suitably chosen recovery time (see
Section III-B), the horizontal activation energy can be approx-
imated by the energy E.| as

Is,1
E®P — kgTiIn | = ).
a,H BI1 70.p

13)

Equation (13) predicts a logarithmic dependence of the hor-
izontally extracted apparent activation energy on the stress
time corresponding to the extraction point at temperature 77.
Consequently, the dependence on the threshold voltage shift
is similar. This behavior is very well reproduced in Fig. 4(b).
Though AE is slightly higher and less constant at longer
recovery times, the extraction point E¢; dominates the depen-
dence of the horizontal activation energy on the threshold
voltage shift.

V. EXAMPLE I: 130-nm Si-MOSFET

In this section, the dependence of apparent activation ener-
gies on different measurement parameters is discussed for a
silicon device. As it is common practice, the activation energy
extraction is from now on performed by fitting a full Arrhenius
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Fig. 5. Vertical extraction method based on experimental data from  Fig. 6. Horizontal extraction method based on experimental data from

a silicon technology at a stress voltage of Vgg = —2 V: (a) Arrhenius
plot for the extraction of the activation energy at different stress times
with three different temperatures of 100 °C, 150 °C, and 200 °C.
(b) Dependence of the apparent activation energy on the stress time for
a fixed recovery time of fr = 1 ps. The stress time has a strong influence
on the obtained apparent activation energy.

plot rather than just taking the values of two temperatures,
as done for the analytical expressions.

A. Vertical Extraction

The dependence of the vertical activation energy on the
stress time at a recovery time # = 1 ps is shown in Fig. 5.
Fig. 5(a) shows the corresponding Arrhenius plot, in which
the threshold voltage shift was extracted at three different
stress times. Obviously, the apparent activation energy is not
the same for the three different stress times, and hence,
the respective activation energies are different. The vertical
activation energy is plotted versus the stress time in Fig. 5(b).
It covers a range from below 0.01eV up to 0.15eV for stress
times between 10™*s and 10s. A reason for the shape of
the curve of the vertical activation energy becomes evident
by looking at the AE map in Fig. 2(a); for short stress times,
only the defects associated with the recoverable component
can be charged and contribute to the threshold voltage shift.
In consequence, the activation energy increases until the first
plateau in Fig. 5(b) between 10~2s and 1s. With increasing
stress time, the contribution of the quasi-permanent component
to the overall threshold voltage shift increases. This explains
the increase of the vertically extracted apparent activation
energy between 1s and 10*s. Finally, the flattening of the
quasi-permanent distribution toward longer stress times leads
to a plateau in the extracted activation energy above 10%s.

B. Horizontal Extraction

Apparent activation energies obtained by horizontal extrac-
tion strongly depend on the measurement parameters. Fig. 6(a)
shows the corresponding Arrhenius plot for different threshold
voltage shifts where the extraction is performed. Undoubt-
edly, the activation energy depends on the extraction point,
as shown in Fig. 6(b) covering a range from 0.6 up to 1.3eV.
The horizontal method corresponds to measuring the stress
time acceleration of the threshold voltage shift contribution
of defects around the extraction point. Choosing a higher
threshold voltage shift results in higher stress times. Thus,
the activation energies are comparable at high threshold volt-
age shift (around 80 mV) to the mean activation energy u. of

a silicon technology at a stress voltage of Vgg = —2 V. (a) Arrhenius
plot for the extraction of the activation energy at different A V4, with three
different temperatures of 100 °C, 150°C, and 200 °C. (b) Dependence
of the apparent activation energy on AWy, for a fixed recovery time
of # =1 ps. The threshold voltage shift chosen for extraction heavily
determines the apparent activation energy.

the quasi-permanent component. A logarithmic dependence on
stress time of the apparent activation energy at high threshold
voltage shifts helps to reduce the deviation from the mean
of the quasi-permanent component. Nonetheless, the already
presented calculations make clear that this only provides a
rough estimate and does not replace the use of a whole
AE map.

C. Comparison Vertical/Horizontal Extraction

As the vertical activation energy is not a physically jus-
tified quantity, it is not surprising that their values differ
considerably from the energies shown in the AE map (see
Fig. 2). Under the assumption that the power law of (1) fits
the measurement data with a temperature dependence

app
a,V

AV o exp T
B

(14)
the horizontal activation energy can be calculated by dividing
the vertical activation energy by the time exponent n

app
Eapp _ TayV

a,H — (15)

Under the above assumptions, modeling the temperature
dependence based on horizontal or vertical activation ener-
gies is completely equivalent to a correct description.
However, the energy values differ strongly. For typical values
of n, the horizontal activation energy is roughly three-to-
ten times the vertical activation energy. As the horizontal
activation energy is more likely in the range of the quasi-
permanent component, the physical meaning of the vertical
activation energy can partly be restored by using (15). Note
that n is no physical parameter either and just based on a
power-law fit.

Typical stress times in industrial device qualification are in
the range of 2000h = 7.2 x 10%s. Considering the present
exemplary technology, temperatures 77 = 120°C and 7> =
150 °C will yield a threshold voltage shift of around 62 mV
with an activation energy of 1.20eV at a recovery time
of 10s. Although the stress time corresponds to an energy
E. = 1.35eV, which is above the center . = 1.27eV of
the quasi-permanent component, this result is very close to
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Fig. 7. Horizontal extraction method with a silicon technology.
(a) Dependence of the apparent activation energy on the recovery time
at a stress voltage of Vgg = —2 V at different values of A V4. Choos-
ing higher threshold voltage shifts reduces the recovery dependence.
(b) Dependence of the apparent activation energy on the stress voltage
at different values of AV, based on experimental data and AE map
simulations. Due to the increasing contribution of R, the higher the
absolute value of the stress voltage, the lower the extracted apparent
activation energy.

e = 1.27¢eV. In contrast to that, the vertical activation energy
at the same stress time would yield a value of 0.15eV.

D. Influence of Recovery

Recovery is a known parameter influencing the measured
threshold voltage shift and, thus, the extracted activation
energy [9]. This dependence is illustrated for the horizontal
extraction of an apparent activation energy. Fig. 7(a) shows the
activation energy versus the recovery time for three different
extraction points. The lowest extraction point of 10 mV
exhibits the strongest dependence on the recovery time. This
dependence is minimized for the highest extraction point
of 50 mV. Certainly, the reason for this behavior is the reduc-
tion of the relative contribution of the recoverable component
to the total threshold voltage shift. By increasing the extraction
point and, thus, the stress time, the quasi-permanent compo-
nent with its high amplitude increasingly dominates the total
threshold voltage shift. Thereby, recovery at time scales of
the recoverable component loses its influence. The extraction
of the activation energy is increasingly dominated by the
temperature dependence of the quasi-permanent component,
where recovery on time scales of the recoverable component
is negligible.

E. Influence of Stress Voltage

The stress voltage dependence of AE maps was already suc-
cessfully described and modeled previously [22], [23] by mak-
ing the amplitudes of the recoverable and the quasi-permanent
distributions bias-dependent as A = (Vgs/Vo)” mVeV~2.
It was also observed that the mean values u. of the capture
activation energy become linearly smaller with increasing
absolute value of the stress voltage. However, this effect was
found to be negligible as the mean energy changes only by
0.01eVV~! for the recoverable component and is virtually
constant for the quasi-permanent component. Note that a
small stress voltage dependence of the mean values u. of
the distributions in the AE map does not allow to conclude a
small voltage dependence of single defects [23], [26], because
a change in stress voltage changes also the defects contributing
to BTL

E [eV]

10
0.5 . 3 100 108

E, [eV] 7 Is]

Fig. 8. AE and CET maps extracted for a silicon carbide trench MOSFET
test device (data and further details presented in [29]) for Vgg = 25 V.
Both maps are shown on a logarithmic color scale. A density value of
x corresponds to AV, of 10X Vev and 7 x 10X mV. (a) AE map for
the recoverable and quasi-permanent component. The squares indicate
the measurement windows of the two temperatures Ty and T» used to
create the AE map. Analogously to the silicon technology, the distribution
is described by a superposition of two Gaussian distributions (see (5))
and the same set of parameters (see Table |). (b) Capture and emission
time map at T = 175 °C calculated from (a). Note that the shown density
values are per squared decade in time.

Fig. 7(b) shows the dependence of the horizontal activation
energy on the stress voltage for three different extraction
points. For all three cases, the extracted activation energy
decreases almost linearly with increasing absolute value of
the stress voltage. An increased stress voltage leads to a
decreased stress time for the same threshold voltage shift.
As already shown even under ideal conditions at long stress
times, the horizontal activation energy depends on the stress
time itself [see (13)]. The impact of a reduced stress time
is a reduced apparent activation energy. Therefore, increasing
the stress voltage is not a good means for the acceleration of
measurements.

VI. EXAMPLE II: SiC TRENCH-MOSFET TEST DEVICE

It has been shown previously that AE maps can also be
applied to SiC Trench MOSFETs to capture both NBTI and
PBTI in a unified manner [27], [28].

The AE map and a CET map at 175°C of a SiC Trench
MOSFET test device are shown in Fig. 8. A major difference
to Si devices is the dominating contribution from defects
with short capture and emission time constants. To clarify,
the observation that the mean . of the recoverable component
seems to be negative is explained by the fact that these defects
are difficult to detect in threshold voltage measurements.
A shortest measurable recovery time of 1 us is not sufficient
to fully capture the distribution of the recoverable component
toward the coordinate origin. Consequently, the extrapolation
toward short time constants of fitted data in the measurement
window with a Gaussian distribution is spurious; nevertheless,
the results are completely in accordance with measurement
data above the shortest measurable recovery time. Due to the
comparably high concentration of active defects with short
time constants, the contribution of the recoverable component
to the overall threshold voltage shift can mostly not be
neglected. Therefore, just like in Si devices, the recovery time
is of major importance for the interpretation of measurements
on SiC devices. For short recovery times, an increase in
temperature can lead to a faster increase in recovery than
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Fig. 9. Measured threshold voltage shift A V4, from a silicon carbide tech-
nology with a stress voltage of Vg = 25 V at two different temperatures.
Solid lines indicate the drift values resulting from a simulation based
on the AE map in Fig. 8. (a) Measured threshold voltage shift and the
corresponding simulation at two different temperatures versus the stress
time. The recovery time is 1 ps. Interestingly, at a higher temperature,
areduced threshold voltage shiftis obtained. (b) Measured and simulated
threshold voltage shift at different temperatures with different stress times
versus the recovery time. The recovery traces have an intersection point
at which the polarity of the apparent activation energy changes.

during stress, resulting in an apparently smaller threshold
voltage shift and, therefore, a negative apparent activation
energy. Such an activation energy is of course nonphysical and
underlines the necessity of using complete AE maps to under-
stand the relevant defect distributions. As the vertical method
has already shown to be extremely nonphysical, we restrict
the discussion in the following to the horizontal method.

A. Horizontal Extraction

Due to the large concentration of fast recoverable defects,
SiC devices can exhibit negative apparent activation energies.
Fig. 9(a) shows the threshold voltage shift after positive gate
stress for temperatures of 25°C and 175 °C. These measure-
ments were performed with a recovery time of 1 ps. A higher
temperature leads to a smaller threshold voltage shift. Such a
decreasing voltage shift with increasing temperature implies
a negative apparent activation energy. Fig. 9(b) shows the
recovery traces for these two temperatures for the stress times
100 ps and 100 ks. Apparently, this effect of negative apparent
activation energy emerges at short recovery times. The polarity
of the apparent activation energy depends on whether the
measurement delay is below or above the intersection of the
recovery traces of different temperatures. For a stress time
of 100 us, this is above 1s. For 100ks, the intersection is
at around 1 ms. Consequently, even the polarity of both the
vertical and the horizontal apparent activation energy depends
on recovery and stress time.

Fig. 10 shows the horizontal activation energy in depen-
dence on either the extraction point or the recovery time. The
measurement data at a recovery time of 1 us show negative
activation energies for the whole range of extraction points.
A comparison of the AE map of the presented Si device in
Fig. 2 and the one of the SiC trench test device in Fig. 8
provides an explanation. According to (4), some defects will
move out of the measurement window as their emission time
constant becomes lower than the recovery time, so that they
do not contribute to the threshold voltage shift anymore. For
SiC, it is possible that the contribution of additionally charged
defects at higher temperature is lower than the lost contribution
from defects that moved out of the measurement window.

- b : : . o
! 10% 10 102 10° 102
Recovery time [s]

0 200 400 600 800 1000
AV, [mV]
Fig. 10. Horizontal extraction of the apparent activation energy based on
experimental data from a silicon carbide test device at a stress voltage of
Ves = 25 V: (a) extracted apparent activation energy and the simulated
activation energy in the absence of R versus AV4,. The dependence
is similar to silicon technologies if only P is considered. (b) Extracted
apparent activation energy and the simulated activation energy in the
absence of R versus the recovery time at a AV, of 700 mV. The
intersection point of the recovery traces in Fig. 9(b) determines the point
of change in sign of the extracted apparent activation energy.

This leads to a lower threshold voltage shift at higher tempera-
ture for a fixed recovery time and, thus, to a negative apparent
activation energy. With increasing recovery time, the initially
dominant recoverable component recovers and the apparent
activation energy changes its sign.

Aichinger et al. [30] and Rescher er al. [31] provided a
solution using device preconditioning. This method essentially
leads to the removal of the contribution of the recoverable
component to the threshold voltage shift by applying dis-
charging pulses toward accumulation prior to measurements
to reveal the quasi-permanent component. As a result, repro-
ducible measurements and extrapolation to end-of-life, using
only the quasi-permanent component, are possible.

VII.

The findings of this study demonstrate that in the context
of BTI, regardless of which extraction method is employed,
apparent activation energies are not able to describe the tem-
perature dependence of BTI which is actually determined by
a wide distribution of activation energies. Apparent activation
energies are especially vulnerable to their point of extrac-
tion. Depending on the extraction method, this is either the
threshold voltage shift (horizontal method) or the stress time
(vertical method). As the deviation of the apparent activation
energy from the mean u. of the quasi-permanent component
can exceed 50% for the horizontal and even 99% for the
vertical extraction method, the dependence on the extraction
point cannot be neglected.

Vertical extraction results in small activation energies that
are completely uncorrelated to physically meaningful values.
The dependence of the activation energy on the stress time
reflects the two bivariate Gaussian distributions, while the
observed plateaus do not provide sensible values.

Horizontal extraction, on the other hand, leads to values
that are closer to the mean activation energy u. of the quasi-
permanent component. While this can only be achieved at
long stress times, the horizontal method should be clearly
preferred to the vertical method. Results should be considered
carefully as they are not related to the mean activation energy
U of the quasi-permanent component but rather directly to
the extraction point.

DiscusSION AND CONCLUSION
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Recovery is a further factor influencing the outcome of
apparent activation energy extraction. Its impact on the acti-
vation energy can again be minimized by employing a high
extraction threshold voltage shift.

Strikingly, silicon carbide MOSFET devices show an even
stronger influence of extraction point and recovery time. In this
case, the activation energy can even change its sign depending
on the recovery time. Therefore, it is essential to either
extract the full AE map or to at least work with device
preconditioning, leading to discharging of defects with short
time constants.

The results of this study are highly relevant for the discus-
sion on the physical origin of BTI. Previous reports on the
temperature dependence of BTI have to be considered with
caution because commonly used different extraction methods
lead to unphysical apparent activation energies. Our analysis
clearly shows that studies trying to identify the physical origin
of BTI have to be aware of the dependencies of single-
value activation energies on their underlying distributions and
consequently of the physical insignificance of these values.
Industrial device qualification using apparent activation ener-
gies is insofar concerned as adequate end-of-life modeling
requires a correct description of the temperature dependence
of BTIL.
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