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Evaluation of Advanced MOSFET Threshold
Voltage Drift Measurement Techniques

B. Ullmann, K. Puschkarsky , M. Waltl , H. Reisinger, and T. Grasser

Abstract—The experimental characterization of the threshold
voltage shift in metal–oxide–semiconductor field-effect transistors
due to degradation mechanisms like bias temperature instability
and hot-carrier degradation requires a careful consideration of
various pitfalls. One of them concerns the comparability between
the threshold voltage shifts obtained by different extraction meth-
ods. The focus of this paper is set on the comparison of two
extraction methods used at recovery conditions, the constant
current and the constant voltage method. Although consid-
ered equivalent, a thorough experimental analysis shows that
the equivalence of both methods is limited by a low device
parameter change during degradation, a measurement in the
sub-threshold region, and the consideration of device-to-device
variability.

Index Terms—Threshold voltage extraction, MSM, BTI, HCS,
measurement technique, reliability.

I. INTRODUCTION

THE PERFORMANCE of MOSFETs is affected by degra-
dation mechanisms like bias temperature instability (BTI)

and hot-carrier degradation (HCD), which are listed as the
most prominent reliability challenges [1], [2]. In order to meet
the reliability requirements, a correct assesment and extrapo-
lation of the degradation is required for the design of robust
circuits [3]. For this purpose, the transfer characteristics of
MOSFETs are typically recorded because it provides profound
insight into the degradation of device performance and allows
for the development of accurate BTI and HCD models. A
widely used method for the experimental characterization of
MOSFET degradation is the measure-stress-measure (MSM)
technique, which consists of three sequences and contains
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information about the stress and recovery characteristics of
the degradation mechanism:

• Characterization of the virgin device, e.g., by taking an
initial transfer characteristics (ID-VG curve).

• Stressing of the device, with a stress bias typically much
higher than the nominal operating conditions.

• Post-stress characterization of the degraded device by
either remeasuring an ID-VG characteristics or by moni-
toring the evolution of the threshold voltage shift �Vth at
a single gate bias or drain current over a certain time
period. This provides important information about the
recovery of �Vth over many decades in time.

The latter allows for a more extensive analysis of the �Vth
drift and makes the MSM technique quite advantageous for
�Vth monitoring compared to other techniques [4], e.g., the
on-the-fly (OTF) [5]. In OTF measurements drifts of �Vth are
determined in a three-way measurement directly at the stress
level by applying a modulation of the gate bias. This method
for the back conversion of �ID to �Vth requires an approx-
imation of the ID-VG characteristics, which is, however, very
sensitive to changes in the mobility. Due to the bias modula-
tion the OTF method introduces a systematic error, whereas the
MSM technique does not need a bias modulation. Moreover,
considering a statistical error of ±1 mV in �Vth, the rela-
tive accuracy in the measured drain current ID needs to be
10−3 for the MSM technique, which is achievable with reason-
able integration times, whereas 10−5 is required for the OTF
technique [6]. A advantage of the MSM technique is the insen-
sitivity to mobility changes induced by stress compared to the
OTF technique [7]. Another advantage of the MSM technique
is that it includes the information about the recovery evolution
which enables the study of the permanent component of the
�Vth degradation [8]. In the context of MSM measurements,
two different methods are typically used to monitor �Vth.

• The constant voltage (cv) method: The drain current ID
is recorded at a constant voltage, typically near Vth.
Subsequently ID is converted to �Vth using the initial
ID-VG curve [9].

• The constant current (cc) method: The threshold voltage
Vth is monitored by recording the gate voltage controlled
by a feedback loop of an operational amplifier to achieve
a constant drain current [10].

A detailed review of the cv and cc method is presented in
Section III. Especially for pure BTI stress, both methods have
been implicitly assumed to be comparable and to provide
equivalent results. However, we will show here that recov-
ery measurements of �Vth extracted from the cv method
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Fig. 1. ID-VG characteristics at VD=−0.1 V before and after stress of a
pMOSFET: Top: The ID-VG characteristics of an unstressed/stressed device
(blue, red) differ due to the impact of degradation mechanisms during stress.
After stress, a recovery bias is applied and the parameters recover towards their
initial values (thin lines). Bottom Left: Constant voltage method (cv). The
drain current icv

D at a constant recovery voltage Vcv
G is monitored. 1 before

stress: icv
D (Vcv

G , Vrec
D ) = icv

D (tstr = 0 s). 2 after stress: drain current is reduced
to icv

D (trec = trec,min). 3 during recovery: icv
D (trec) recovers towards its initial

value. Postprocessing step: icv
D (trec) is transformed to vcv

G (trec). 2 → 2’ ,

3 → 3’ . The threshold voltage shift can be calculated as �Vcv
th (trec) =

Vcv
G −vcv

G (trec). Bottom Right: Constant current method (cc). The gate voltage
vcc

G is monitored while the drain current is held at Icc
D . 1 before stress:

vcc
G (Icc

D , Vrec
D ) = vcc

G (tstr = 0 s). 2 after stress: gate voltage is reduced to
vcc

G (trec = 0 s). 3 during recovery: vcc
G (trec) recovers towards its initial value.

The threshold voltage shift can be calculated as �Vcc
th (trec) = vcc

G (trec) −
vcc

G (tstr = 0 s).

and from the cc method recorded after HCD stress can dif-
fer significantly. These deviations might lead to inconsistent
model parameters and lifetime predictions. In this work, we
thoroughly analyze and discuss the difference between both
measurement methods considering that MOSFET parame-
ters like the maximum value of the transconductance gm,max,
the linear drain current ID,lin, the saturation drain current
ID,sat and the sub-threshold swing SS (reciprocal value of the
sub-threshold slope S in a log-lin plot) are time-dependent.

As these parameters cannot be extracted from a transient
�Vth trace, full ID-VG characteristics are required. As a con-
sequence, depending on the selected degradation analysis
method, combinations of �Vth monitoring and ID-VG mea-
surements applied after BTI/HCD stress might be required.
However, it has to be taken into account that such combina-
tions introduce additional delays as during the overall MSM
cycle different measurement methods have to be triggered sub-
sequently. In addition to time delays, changes in the gate bias
can accelerate and delay the recovery.

II. EXPERIMENTAL

Measurements are performed on Si pMOSFETs of a 130nm
commercial technology with W = 10 µm, L = 130 nm, 2.2 nm

nitrided gate oxide and nominal supply voltage VDD = 1.5 V.
The wafer temperature is controlled by a thermo chuck and
kept at T = 130◦C. ID-VG characteristics are recorded from
21 unstressed devices with VD = −0.1 V and VD = −VDD
for the linear and saturation region, respectively. The extrap-
olation in the linear region (ELR) method [11] is used to
extract the initial threshold voltage Vth0. The threshold volt-
age is then obtained by finding the intercept of the gate
voltage axis with the extrapolation of the first derivative of
the ID-VG at its point of maximum transconductance [12].
The median initial threshold voltage for all 21 devices is
Vth0 = (−465 ± 10) mV. Each of the 21 devices was sub-
jected to one combination of gate and drain stress voltage
(Vstr

D = [0,−0.5,−1,−1.5,−2,−2.5,−2.8] V and Vstr
G =

[−1.5,−2,−2.5] V) for a stress time tstr = 1.1 ks and subse-
quently �Vth is measured for a recovery time of trec,min ≈ 1 ms
up to trec = 3 ks with V rec

D = −0.1 V. Immediately after the
stress, the ID-VG characteristics are repeated and compared to
the initial ID-VG curves. Furthermore, the degradation of the
parameters gm,max, ID,lin, ID,sat and SS is extracted for each
device.

III. EXTRACTION OF THE THRESHOLD VOLTAGE SHIFT

In this section, we summarize a review of the cc and cv
�Vthextraction methods. Dependent on the stress conditions,
the characteristic MOSFET parameters gm,max, ID,lin, ID,sat, SS
and Vth drift during stress, which can be observed comparing
the initial and post-stress ID-VG characteristics (blue and red
curve in Fig. 1). If the real permanent degradation is negli-
gible, the MOSFET parameters would recover towards their
initial values of the unstressed device during the measurement
sequence and fully recover after a recovery time trec → ∞.
The �Vth extraction with the constant voltage and constant
current method is explained in Fig. 1.

cv method (Fig. 1, bottom left):
1 An initial ID-VG characteristics within a narrow gate bias

window around the recovery voltage Vcv
G is measured at

a recovery drain voltage V rec
D , where the corresponding

drain current is icv
D (Vcv

G , V rec
D ) = icv

D (tstr = 0 s).
2 The device is subjected for the time tstr to stress bias

(Vstr
G with Vstr

D ) and immediately afterwards to recovery
bias (Vcv

G and V rec
D ) for the time trec. As a result of the

degradation during stress, directly after stress release the
ID-VG characteristics is shifted and the drain current is
reduced to icv

D (Vcv
G , V rec

D ) = icv
D (trec = trec,min).

3 While subjecting the device to recovery conditions the
drain current recovers from its reduced value towards
its initial value and is monitored simultaneously. In a
post processing step, each measured value of icv

D is trans-
formed to a voltage vcv

G , which corresponds to the gate
voltage at icv

D on the initial ID-VG characteristics ( 2 →
2’ , 1 → 3’ , . . . ). Finally, the threshold voltage shift

can be calculated as �Vcv
th (trec) = Vcv

G − vcv
G (trec).

cc method (Fig. 1, bottom right):
1 The gate voltage vcc

G (Icc
D , V rec

D ) = vcc
G (tstr = 0 s) corre-

sponding to the measurement current Icc
D is obtained by
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recording vcc
G for a short duration at recovery conditions

(drain current is held at Icc
D at V rec

D ).
2 The device is subjected to a stress bias (Vstr

G and Vstr
D ) for

the time tstr and subsequently to the recovery bias V rec
D

while the drain current is held at Icc
D for the time trec.

Due to the device degradation during stress, the mea-
sured gate voltage is reduced vcc

G (Icc
D , V rec

D ) = vcc
G (trec =

trec,min).
3 During recovery, the measured gate voltage recovers

towards its initial value and is monitored simultaneously.
The �Vth obtained using the cc method does not require
a transformation, �Vth can be calculated directly for all
vcc

G : �Vcc
th (trec) = vcc

G (trec) − vcc
G (tstr = 0 s).

We extract the �Vcv
th and �Vcc

th in two regions: Near Vth0
of the initial curve (sub-threshold region, abbreviated with sub
in the following) and above the threshold voltage. It has to
be noted that these extractions correspond to a certain device
degradation level and do not consider the evolution of the
parameters during recovery.

Both methods can only be considered equivalent if the fol-
lowing requirements are met: The ID-VG characteristics shifts
parallel along the VG-axis during stress and recovery, which
means that the slope and curvature between 1 and 2’ in the
left bottom sub-figure of Fig. 1 equals the shape of the curve
section between 2 and a© in the right bottom sub-figure. In
other words, gm,max and SS do not change significantly during
the experiment. Furthermore, the device-to-device parame-
ter variations (variability) have to be considered properly. In
fact, all MOSFET parameters drift differently during stress
and recovery, strongly depending on the stress conditions.
As a result, the shapes of the unstressed and stressed ID-VG
curve differ from each other, which leads to �Vcc

th �= �Vcv
th as

discussed in the next section.

IV. RESULTS AND DISCUSSION

We now analyze and discuss the difference between both
measurement methods. Measurements were performed with 21
devices, each of them subjected to different Vstr

G -Vstr
D combi-

nations, which corresponds to different HCS and BTI contri-
butions. The relative difference between the two measurement
methods is calculated as:

δ = (�Vcc
th − �Vcv

th )/�Vcc
th · 100 [%] (1)

In the following, we distinguish the two extraction cases, illus-
trated in Fig. 2: Consideration of device variability and no
consideration of device variability.

In the first case, the recovery conditions are set with the
same spacing to Vth0 for each device (Fig. 2 top). This means
that Vcv

G or Icc
D must be selected individually, depending on

Vth0. In our measurements, we define the recovery conditions
as Vcv

G = Vth0 +35 mV or Icc
D = ID(Vth0 +35 mV) for the sub-

threshold region and Vcv
G = Vth0 − 130 mV or Icc

D = ID(Vth0 −
130 mV) for the region above Vth0, both at V rec

D . This ensures
that the measurement current in the cc method corresponds
to the measurement voltage in the cv method. Therefore, all
MOSFETs are measured at equivalent recovery conditions.

Fig. 2. Recovery conditions for constant voltage and constant current method:
ID-VG characteristics for one device at Vrec

D Top: Variability is considered as
the recovery conditions are chosen in equidistant intervals to Vth0 for each
device individually. This ensures that the measurement current for the cc
method corresponds always to the measurement voltage in the cv method.
Bottom: Variability is not considered as the recovery conditions are fixed for
every device so that on average Icc

D = ID(Vcv
G ).

In the second case, by contrast, the recovery conditions are
set to fixed values, independent from the individual Vth0 (for
these measurements: Vcv

G = −0.43 V or Icc
D = −13 μA in the

sub-threshold region and Vcv
G = −0.6 V or Icc

D = −60 μA in
the region above Vth0). On average, the requirement Icc

D =
ID(Vcv

G ) is met, but this does not hold for every device as
shown in Fig. 2 on the bottom. An analysis is required before
the stress experiments in order to determine the average ID-VG
characteristics and define the recovery conditions. However, it
has to be noted that if Vcv

G and Icc
D correspond to different

recovery conditions, this can lead to different �Vth even after
the same stress as discussed in [13]. Thus, the calculated δ

between the measurement methods includes device-to-device
variations like all other device parameter (approximately 2%).
By contrast, the consideration of variability requires an ID-
VG analysis per device prior to each experiment, therefore a
deviation in |δ| due to variability is prevented. Nevertheless,
even when considering variability |δ| > 0 as discussed in the
following. In Fig. 3 the relative difference δ of both extrac-
tion methods is shown for the relative degradation of gm,max,
ID,lin, ID,sat and SS. Variability is considered and δ is shown
for two regions of the ID-VG characteristics: above threshold
(magenta) and sub-threshold (blue). Each point in the scat-
ter plot corresponds to the measurement of one single device,
which has been subjected to a certain Vstr

G -Vstr
D combination.

This leads to different �gm,max, �ID,lin, �ID,sat and �SS for
each device. It has to be noted that the degradation of �SS is
negative because the sub-threshold swing increases while all
other parameters decrease with stress. Additionally, in order to
analyze if δ correlates with the degradation of the MOSFET
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Fig. 3. Correlation of δ with the degradation of MOSFET parameters
under consideration of device variability: The parameters for each point
in the scatter plots are extracted from one measurement with a certain
Vstr

G -Vstr
D combination of (Vstr

D = [0, −0.5,−1, −1.5,−2,−2.5,−2.8] V and
Vstr

G = [−1.5,−2, −2.5] V) for tstr = 1.1 ks. δ is determined from two regions
of the ID-VG characteristics: the sub-threshold region (blue) and above the
threshold voltage (magenta). For both regions, the Pearson correlation coef-
ficient ρsub and ρ is given. The lines indicate the linear regression for each
region. δ increases with larger degradation and it is on average lower for the
sub-threshold region.

parameters, the Pearson correlation coefficient as a measure
for linear correlation between δ and �gm,max, �ID,lin, �ID,sat
and �SS is given for each region: ρsub for the sub-threshold
region and ρ for measurements performed above Vth0. δ cor-
relates differently with the relative change of the MOSFET
parameters and it can be seen in Fig. 3 that

• On average δ increases with larger degradation of gm,max,
ID,lin, ID,sat and SS for both regions.

• δ is lower for the sub-threshold region.
• The maximum difference is δmax <6%.
• δ correlates strongly with �SS determined in the sub-

threshold region but weakly in the region above Vth0.
• δ correlates strongly with �gm,max, �ID,lin, �ID,sat deter-

mined in the region above Vth0, but not so strongly in the
sub-threshold region.

The correlation between δ and �SS, �gm,max, �ID,lin, and
�ID,sat is dominated by the impact of the MOSFET parameter
shift on the change of the slope and the curvature of the ID-
VG characteristics. This means that the shapes of the section
between 1 and 2’ in the left bottom sub-figure of Fig. 1 and
the section between 2 and a© in the right bottom sub-figure
of Fig. 1 differ. For example, |�gm,max| > 0 or |�SS| > 0
results in |δ| > 0. While SS characterizes essentially the slope
and the curvature in the sub-threshold region, �gm,max, �ID,lin
and �ID,sat affect the slope and curvature at Vth0 − 130 mV.
Thus, a change of SS during stress and recovery affects mainly
δ in the sub-threshold region. However, the analysis shows that
δ does not exceed 4% if the measurement point is selected in
the sub-threshold region.

In Fig. 4 the extraction of the parameters is performed with
the measurement points at fixed values near the mean value of
Vth0. Thus, the variability of the MOSFETs is not considered.

Fig. 4. Correlation of δ with the degradation of MOSFET parameters not
considering device variability: Similar to the conclusions from Fig. 3. Here,
vcc

G (tstr = 0 s) �= Vcv
G , introduces device-to-device variations of δ, which

is independent from device degradation after stress and explains the weaker
correlation and outliers even at low degradation.

Still as for the consideration of device variability in Fig. 3, the
relative difference between the two measurement methods δ

increases with larger degradation and δ is on average lower for
the sub-threshold region. However, the maximum difference is
higher, δmax > 10%. Furthermore, the correlation coefficients
ρsub, ρ are smaller. In this case Vcv

G does not correspond to Icc
D .

�Vcv
th and �Vcc

th are extracted for different recovery conditions.
As mentioned, this introduces device-to-device variations of δ,
which are independent of device degradation after stress and
explains the weaker correlation and additional measurement
differences even at low degradation.

Measurements of the recovery of �Vth confirm these results:
For low degradation of the parameters (�SS, �gm,max, �ID,lin,
and �ID,sat ≤2%), the cc method and the cv method show
quite comparable results (e.g., pure BTI stress). On the con-
trary, for degradation caused by a mixture of BTI and HCD
or pure HCD, where the parameter degradation exceeds 4%,
completely different �Vth traces are measured for the cc and
cv method as shown in Fig. 5. The difference δ in the measure-
ment methods is ≈ −10% at short recovery times trec<10−2 s,
but increases with trec. Fig. 5 shows that the evolution of the
slope and the curvature during the measure sequence can dif-
fer significantly. For example, if �gm,max does not recover but
�Vth does, the shape of the ID-VG characteristics distorts dur-
ing the measure sequence. The transconductance can reduce
due to stress because of increased scattering with charged
interface states. The decrease strongly depends on the stress
conditions [14]–[16].

From this analysis it cannot be concluded which of both
techniques should be considered for �Vth measurements.
Nevertheless, we now briefly discuss the advantages and disad-
vantages of both measurement methods. The constant voltage
setup as used in [17], [18] measures the drain current with a
transimpedance amplifier where the feedback resistor defines
the measurement range for ID during stress as well as during
the measure sequence. Since ID can vary between the stress
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Fig. 5. Recovery traces of the threshold voltage shift monitored with the cv
and cc method: Degradation caused by a mixture of BTI and HCD lead to
different evolution of the �Vth recovery.

and measure sequence by a few orders of magnitude, to ensure
a proper measurement resolution during the measurement, the
feedback resistor has to be changed between stress and recov-
ery. Thus, an additional delay on the order of milliseconds is
typically introduced and important �Vth evolution information
during the first milliseconds after stress cannot be measured.
Furthermore, a requirement for the proper choice of the feed-
back resistor is the estimation of the degradation of the device
prior to the MSM measurement. By contrast, the cc setup as
proposed in [10] minimizes the delay between stress and mea-
sure sequence, because no feedback resistor has to be changed
between both sequences. Consequently, the cc method is also
advantageous in the case that the degradation of the device
cannot be estimated prior to the MSM measurement. Another
measurement requirement is a constant stress voltage applied
to the gate, to avoid changes of the state of degradation. This
is easier to implement for the cv method because the MSM
sequences can be realized with one voltage source. This is not
the case for the cc method where a voltage source is required
during stress and a current source is required during recovery
(also discussed in [6]).

The parameters, which define the shape of the ID-VG char-
acteristics (Vth, SS, gm,max, ID,lin, ID,sat) shift very differently
during stress and recovery. This leads to significant differences
in the �Vcc

th and �Vcv
th recovery behavior after particular stress

conditions. A widely used analysis is fitting a power-law to
�Vth. Due to the different recovery for the cv and cc method,
this leads to different power-law fitting parameters, which is
not physical. Thus, in order to describe degradation mecha-
nisms properly, the impact of degradation mechanisms on all
parameters has to be taken into account. Furthermore, the used
measurement method and its effect on the measured parame-
ters has to be considered in the model. If these requirements
are met, the difference of both measurement methods is of
secondary importance.

V. CONCLUSION

The extraction of �Vth using a constant current or con-
stant voltage method in MSM sequences are equivalent if

three requirements are fulfilled: First, the ID-VG characteris-
tics shift during stress and measurement along the VG-axis but
does not change its slope and curvature significantly. Second,
the measurement current in the cc method and the measure-
ment voltage in the cv method are chosen in the sub-threshold
region close to Vth0. Third, device to device variability is taken
into account, which means that the recovery conditions are set
individually for each device depending on its initial threshold
voltage. In case that one of these requirements is not met
and depending on the stress and measurement conditions, the
extracted �Vcc

th and �Vcv
th can even differ by more than 10%.
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