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In this study we investigate the dynamic recovery effects in IRF9520 commercial p-channel power vertical double
diffused metal-oxide semiconductor field-effect transistors (VDMOSFETSs) subjected to negative bias temperature (NBT)
stressing under the particular pulsed bias. Particular values of the pulsed stress voltage frequency and duty cycle are chosen
in order to analyze the recoverable and permanent components of stress-induced threshold voltage shift in detail. The results
are discussed in terms of the mechanisms responsible for buildup of oxide charge and interface traps. The partial recovery
during the low level of pulsed gate voltage is ascribed to the removal of recoverable component of degradation, i.e., to
passivation/neutralization of shallow oxide traps that are not transformed into the deeper traps (permanent component).
Considering the value of characteristic time constant associated with complete removal of the recoverable component of
degradation, it is shown that by selecting an appropriate combination of the frequency and duty cycle, the threshold voltage
shifts induced under the pulsed negative bias temperature stress conditions can be significantly reduced, which may be
utilized for improving the device lifetime in real application circuits.
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1. Introduction

Negative bias temperature instability (NBTI) refers to the
progressive shift of transistor parameters, such as threshold
voltage (V), transconductance, and absolute drain current.
The NBTI has been found to occur mostly in p-channel metal—
oxide semiconductor field-effect transistors (MOSFETs) oper-
ated at elevated temperatures (100 °C-250 °C) under negative
gate oxide fields in the range 2 MV/cm—6 MV/cm.!"-1% From
a relatively unknown problem in the past, NBTI has become
an important reliability issue in metal-oxide semiconductor
(MOS) technology primarily as a consequence of aggressive
gate oxide scaling accompanied by less aggressive scaling of
operating voltage. It is well known that this phenomenon is re-
lated to the stress-induced generation of oxide-trapped charge
(Nov) and interface traps (Vi;). However, in spite of very exten-
sive research during the last 15 years, a complete understand-
ing of the physical mechanisms of NBTI remains elusive, and
technology optimization to minimize NBTI is still a difficult
problem.

Regardless of the fact that gate oxides in nanometre scale
technologies have been continuously thinned down, the in-
terest in thick oxides has not ceased due to widespread use
of MOS technologies for the realisation of power devices.
Power MOSFETs are widely used as fast switching devices
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in home appliances and automotive, industrial, and military
electronics. It is important to note that the electric fields
and temperatures applied to NBT stressing can be approached
during the routine operations of power MOSFETs in many
applications.!'!) Thus, NBTI could be critical for reliable oper-
ations of power MOSFETsSs even though they have ultra-thick
gate oxides, and the investigations of NBTI in power MOS-
FETs are of importance as well.[!1-15]

In this paper, we will present a consolidated discussion of
the new results on threshold voltage instabilities, derived from
the experiments on p-channel power VDMOS (vertical double
diffused MOS) transistors subjected to static and pulsed NBT
stressing. Power VDMOSFET is an attractive device for ap-
plication in high-frequency switching power supplies due to its
superior switching characteristics which enable operation in a
megahertz frequency range.!'®!7l Also, power VDMOSFETSs
are widely used as the fast switching devices in home appli-
ances and automotive, industrial, and military electronics.!!'!]
In these applications gate bias during the operation switches
between the “high” and “low” voltage levels, thus creating
the pulsed stress conditions. A number of recent investiga-
tions of pulsed stress-induced NBTI have shown that unlike
most reliability effects, NBTI-induced Vr degradation recov-
ers partly during the “low” voltage levels. Namely, a portion
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of oxide-trapped charge and/or interface traps generated dur-
ing the period fractions corresponding to the “high” level may
be neutralized and/or annealed during the period fractions cor-
responding to the “low” level.[>!3-2!1 Earlier studies of pulsed
NBTI mostly focused on modeling, including effects of stress
conditions and recovery, as well as the frequency, duty cycle,

[19-21] The objective of the present

and process dependencies.
study is to analyze the recoverable and permanent components
of NBTI and clarify the role of partial recovery of threshold
voltage during the period fractions corresponding to the “low”
level of the pulsed stress voltage in overall NBTI. Specifically,
this study is aimed at investigating the possibility of finding a
suitable combination of stress voltage frequency and duty cy-
cle that would result in a minimal stress-induced degradation,

thus yielding the optimal device lifetime.

2. Experimental procedure

Devices used in this study were commercial p-channel
power VDMOSFETs IRF9520 with current and voltage rat-
ings of 6.8 A and 100 V respectively, encapsulated in TO-
220 plastic cases. Devices were built in standard silicon-
gate technology with 100-nm thick gate oxide, and had the
initial threshold voltage Vg = —3.6 V.[*?l Owing to the
thick gate oxide, accelerated NBT stressing of these devices
required gate stress voltage amplitudes even over —40 V,
which exceeded capabilities of commonly used signal volt-

[23-25] For these reasons it was necessary to de-

age sources.
velop a system for NBT stress and measurements on power
VDMOSFETs. Furthermore, in order to investigate NBTI ef-
fects it was necessary to develop appropriate measurement
technique.?% The current—voltage (I-V) method is com-
monly employed in the literature. Using this method, the stress
voltage, either static or pulsed, is removed from the device
to perform measurement, and the threshold voltage is deter-
mined from the measured transfer /-V characteristic. In order
to minimize the recovery effects on threshold voltage value,
it is essential to perform the measurement as fast as possi-
ble. Having in mind the above mentioned, we have recently
developed stress and measurement technique based on cost-
effective switching circuit, which provides reasonable com-
promise between stress and measurement requirements and
is suitable for NBT stress and measurements on VDMOS
transistors. 31:3%]

Our measurement technique has been verified by a series
of NBTI tests on several devices.}!=33 As an example, fig-
ure 1 shows measured transfer /-V characteristics for a VD-
MOS device subjected to 24 h of the pulsed NBT stress at
Vo=—-45V, T =175 °C, f = 18.82 kHz, DTC = 94.12%.
During the 24-h test, the total of 37 interim measurements
were performed according to the predefined timeline, but for
simplicity only a few transfer /-V characteristics are shown.

The transfer /-V characteristics were measured at a drain volt-
age value of 100 mV, so the device was kept in the linear
region of operation. Gate voltage was swept from —2 V to
—4.75 V, in steps of —50 mV. As can be seen, the charac-
teristics are shifted along the gate voltage axis toward the
higher voltage values, while their slope slightly decreases,
pointing to the generation of oxide trapped charge and inter-
face traps induced by NBT stress, which is well established
in the literature.'>34331 The proposed measurement technique
provides the full range /-V characteristics that can be used
to determine threshold voltage and extract some other impor-
tant device parameters, such as channel carrier mobility and
transconductance. In this paper we will focus our discussion
on threshold voltage values, which were calculated from the
measured transfer /-V characteristics using the second deriva-
tive method. 3¢/
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Fig. 1. Measured transfer /-V characteristics of p-channel power VD-
MOSFETs during the pulsed (Vg = —45V, T =175 °C, f = 18.82 kHz,
DTC = 94.12%) NBT stressing.

3. Results and discussion

In a preliminary experiment, ten sets of p-channel devices
are stressed at 175 °C for 24 h under the static and pulsed NBT
stress conditions. For the static NBT stress, a negative DC
voltage of —45 V is applied to the gate, whereas the drain and
source terminals are grounded. For the pulsed NBT stress,
device stressing is performed by applying a negative pulsed
voltage of —45 V (with a base level of 0 V) to the gate, while
the drain and source terminals are grounded. Five different
frequencies and five different duty cycles (DTCs) of pulsed
negative voltage are used in the experiment as given in Ta-
ble 1, where D1-D9 denote different groups of devices un-
der test (DUT). This choice of stress parameters is found to
be convenient to investigate the dependences of stress-induced
threshold voltage shift (AVT) on frequency and duty cycle.

Three characteristic sets of data (at five different frequen-
cies for DTC = 50% and for three DTCs at f = 8.00 kHz
and 18.82 kHz) for the time dependences of threshold volt-
age shift during the pulsed and static NBT stressing of
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IRF9520 p-channel VDMOSFETs are shown in Figs. 24,
respectively. The literature results for the frequency de-
pendence of pulsed NBTI-related degradation appear rather
inconsistent.*”! In some papers only a weak frequency depen-
dence of NBT degradation in the range 100 Hz < f < 100 kHz

d,11938] whereas the others show a monotonic de-

[39,40]

is reporte
crease of stress-induced AVt with frequency decreasing.
In our case, the results shown in Fig. 2 suggest that AVt under
the pulsed NBT stress conditions becomes more pronounced
with frequency increasing. This dependence is not so clearly
On the
other hand, it is clearly noticeable that the pulsed NBT stress-

pronounced due to rather narrow frequency range.

ing generally gives rise to low shifts as compared with static
stressing. The reason for the observed lower shifts in the case
of the pulsed NBT stress can be found to lie in two factors
associated with the nature of pulsed stressing itself. The first
factor is assessed by taking into account that “stress time” in
Fig. 2 refers to the total time, which includes fractions of the
periods corresponding to both “high” and “low” levels of the
pulsed gate voltage applied. However, the devices are stressed
only during the fraction of period corresponding to the “high”
voltage level (on-time), so the actual or net stress time in the
cases of pulsed stressing is significantly shorter (and the re-
sulting stress-induced threshold voltage shifts appear lower)
than in the case of static one. In accordance with this thinking,
in Fig. 2 we can also see the results for the threshold voltage
shifts versus net stress time, where the net stress time in the
case of pulsed stressing is calculated by multiplying the total
stress time with duty cycle (50% in this case). These results
show that for corresponding values of the net stress time, the
stress-induced threshold voltage shifts under the static stress
remain much higher than in the case of pulsed NBT stress.
Also, we can see that the difference between the degradation
caused by the static NBT stress and that by pulsed NBT stress
increases with stress time increasing. This clearly indicates
that AVt time dependences in Fig. 2 have been affected by the
other factor, i.e., partial recovery of threshold voltage during
the period fractions corresponding to the “low” level (off-time)
of the pulsed stress voltage, which is frequently referred to as
dynamic recovery.!>!821 The results of our previous study,
which focused on a dynamic recovery phenomenon in VD-
MOS devices IRF9520, points to the existence of character-
istic time constant (25-pus) related to the recoverable and per-
manent components of stress-induced degradation. 3! It was
found that 25-us off-time of the pulsed stress voltage is suf-
ficient to completely remove the recoverable component of
degradation created during the preceding pulse on-time.!33]
The pulse off-time values in the cases of experimental data
shown in Fig. 2 are longer than 25 ps, so we can conclude that
in this case only the slowly relaxing or permanent component
can contribute to the resulting AVr.

Table 1. Pulsed bias conditions applied for NBT stressing of p-channel
power VDMOSFETs. The measured transfer /-V characteristics of one
of these DUT are shown in Fig. 1.

Vo =-45V, Frequency/kHz
T =175°C 6.67  8.00 10.00 13.33 18.82
DTC [%] 5.88 D6
40.00 D8
50.00 D1 D2 D3 D4 D5
60.00 D9
94.12 D7
Net stress time/10* s
0 2.5 5. 0 7. 5
0.25 I ' I ' —D— statlc stress ,:,_,—n'

/D’U“:"D/
o pulsed NBT stress
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AVi/V
1
1
i
|
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: 13.33  37.50 37.50
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Fig. 2. (color online) Threshold voltage shifts during static and pulsed
NBT stress at different frequencies, DTC = 50%.

Similar discussion is applied to the results in Fig. 3,
which shows the time dependences of threshold voltage shift
during the pulsed NBT stressing for different duty cycles at
f =8.00 kHz. As can be seen, the off-times in this case are
also longer than 25 ps, so the AVt also consists only of the per-
manent component. The situation in Fig. 4 (f = 18.82 kHz)
however differs from that in Fig. 3: only permanent compo-
nent of AVt is present in the groups of devices stressed at
DTC = 5.88% and 50% (with corresponding pulse off-time
values equal to 50 us and 26.56 us, respectively), whereas
both recoverable and permanent components contributed to

0.30 C : : : :
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| pulsed NBT stress f=8.00 kHz
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0.25F DTC (%) ’D_D_D/D/ﬂ i
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-7 .—-:Z:A_A,A =
o.osg R |
Vg=—45 V, T=175°C
0 time = 24 hours i
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0 2.5 5.0 7.5

Stress time/10%s

Fig. 3. (color online) Threshold voltage shifts during static and pulsed
NBT stress at different duty cycles, f = 8.00 kHz.
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AVt in devices stressed at DTC = 94.12% (off-time equals to
3.12 ps). It should be mentioned that the particular values
of frequency and duty cycle for this experiment are chosen in
connection with our previous studies, 317331 50 we could pro-
ceed with studying the recoverable and permanent components
of AVt during the NBT stressing of p-channel power VDMOS-
FETs.
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Fig. 4. (color online) Threshold voltage shifts during static and pulsed NBT
stress at different duty cycles, f = 18.82 kHz.

3.1. Duty cycle dependence

Figure 5 shows the duty cycle dependence of stress-
induced AVt under pulsed stress conditions, normalized to AVt
induced by the static stress. It is well established in the liter-
ature that the shape of duty cycle-dependent data shows very
large spread when pulsed stress data are normalized to static

stress ones. 1941

I The pulsed/static data ratio as reported by
various groups shows spread in a range of 0.3-0.8 at 50% duty
cycle, and especially huge scattering is observed for higher
DTC close to the static stress. As discussed in Refs. [4], [9],
and [41], the spread in data from different sources can be as-
cribed to differences in device quality, preexisting bulk trap
density, measurement approach (on-the-fly or stress-measure-
stress method) and/or differences in measurement speed, as
well as to the difference between the contribution of oxide
trapped charge and that of interface traps. Our experimen-
tal data shown in Figs. 2—4, as well as the conclusions from
our previous investigation,*3! are in line with these findings.
Namely, the slowly relaxing or permanent component of AVt
in p-channel power VDMOSFETS is dependent on frequency
and duty cycle, and this is more pronounced at lower frequen-
cies and higher values of duty cycles as graphically indicated
in Fig. 5. That is why the modeling of threshold voltage shifts
for pulsed NBT stress represents a challenge. Threshold volt-
age is widely accepted as a well-suited parameter that can be
used as a degradation monitor for the lifetime estimation. In
order to estimate the lifetime of investigated VDMOSFETs the
following dependence of AVt on the stress field (E), time (t),

and temperature (7') during the static NBT stress has earlier
been derived: 3442431

AVr = AE™t" exp(—E,/kT), )

where A is a constant, E, is the activating energy, and k is the
Boltzmann constant. However, considering the fact that power
VDMOSFETs are widely used as the fast switching devices
in various applications,'! it may be important to include the
frequency and duty cycle dependences in the above model as
expressed below

AVr = AE"t" exp(—E,/kT)Fi (frequency ) F» (duty cycle),
@
where F| and F; are functions accounting for the frequency
and duty cycle dependencies, respectively. However, taking
into account the simultaneous influences of permanent and re-
coverable components on the AVt at some frequencies and for
some values of duty cycle, it is not so easy to separate func-
tions F; and F;, and their individual influences on the shape of
AVr. Trying to clarify the above considerations, the rest of the
paper will focus on the influences of permanent and recover-
able components on AVr during the pulsed NBT stressing.

1.0F E
I spreading of experimental data E
o obtained from different devices, , .’
‘5 0.8F pulse conditions, and also from 1
g i different sources!*! . ‘ e ]
= - ° b\fw‘ ved
?1 0.6} . ]
g K S-like shape ¢ i
2 0.4f IR -
H o
z o - i
0.2} - i
- e 8.00kHz Vg=-45V,T=175"C A
ok e = 18.82 kHz stress time =24 hours
I ] 1 1 1 1 1
0 20 40 60 80 100

DTC/%

Fig. 5. (color online) Curves of pulsed NBTI degradation (normalized
to static stress) versus pulse duty cycle. The graphical illustration of
the area with recoverable and permanent components of degradation is
indicated as well.

3.2. Permanent and recoverable components of AVy

Most of NBTI studies have focused on investigations un-
der specific static and/or pulsed stress conditions. However,
in many applications devices can be used in multiple modes
and/or under varying conditions, which means at variable fre-
quencies, duty cycles, gate voltages, etc., so it appears interest-
ing to examine what will happen if previously stressed devices
are stressed again, but under different pulsed NBT stress con-
ditions. Accordingly, devices from previous experiment (re-
sults shown in Figs. 3 and 4) are re-stressed three more times,
and the overall experiment is managed as shown in Table 2.
As in the preliminary experiment, devices are stressed with
—45 V at 175 °C, and the duration of each stressing step is
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24 h, so during the 4-step stress sequence devices are stressed
96 h and all groups of devices have identical net stress times
(48 h). Devices are characterized by the same intermittent
measurements as in previous experiment.

Table 2. Pulsed bias conditions applied for 4-step NBT stressing of p-
channel power VDMOSFETs. The results for 1st stress are shown in
Figs. 3 and 4.

Vo =-45V, DTC/%

T=175°C st stress 2nd stress  3rd stress  4th stress
Ist group  8.00 kHz 40.00 60.00 40.00 60.00
2nd group 50.00 50.00 50.00 50.00
3rd group 60.00 40.00 60.00 40.00
4th group 18.82 kHz 5.88 94.12 5.88 94.12
5th group 50.00 50.00 50.00 50.00
6th group 94.12 5.88 94.12 5.88

The threshold voltage shifts observed in devices subjected
to a stressing sequence described by Table 2, are shown in
Figs. 6 and 7. As can be seen in Fig. 6, first NBT stress creates
different Vt shifts in all groups of devices, depending on DTC.
The Vr shift in the first stress step, observed in the 2nd group
of devices, proceeds in rather continuous manner throughout
all other steps. Though, it should be noted that AVt is almost
saturate in the first stress step and slightly increases over the
next three steps. Qualitatively similar behavior can be seen in
the 1st and 3rd groups of devices during all stress steps, but
Vr shifts are somewhat higher at DTC = 60% and somewhat
lower at DTC = 40%. As a result, the differences between
AVt values obtained in three groups of devices after each even
number of steps (which means at equal net stress time) have
tended to shrink and may even disappear after a large num-
ber of stress steps. The differences in AVt behavior between
three groups of devices are rather small due to relatively small
variations in duty cycle (£10% from the intermediate value of
50%).

However, as can be seen in Fig. 7, huge differences in
AVt behavior between the groups are observed when signifi-
cant variations in duty cycle (about 44% from the intermediate
value of 50%) are applied. The first NBT stress creates quanti-
tatively different Vi shifts in all groups of devices, depending
on DTC, while important qualitative differences among three
groups appear to start from the second stress step. The AVt
values in the 5th group of devices behave in a similar manner
to those in the first three groups (Fig. 6), which could be ex-
pected given that the Sth group is stressed at DTC = 50%. Ac-
tually, AVt behavior in the 5th group is almost identical to that
in the 2nd group shown in Fig. 6, though the observed changes
are slightly less pronounced. On the other hand, the initial Vt
shifts in devices from the 4th and 6th groups (DTC = 5.88%
and 94.12%, respectively) created in the first stress step do not
behave in the same manner and suffered remarkable changes
during the subsequent stress steps. Threshold voltage in de-
vices from the 6th group continuously decreases during the
2nd stress step. The decrease is most rapid immediately after

the first stress, but gradually slows down and finally reaches
a saturate state. This behavior of threshold voltage largely
resembles the annealing of p-channel power VDMOSFETs,
which was discussed in detail in our previous paper.!**l Con-
sidering the on-time/off-time ratio for the 6th group of devices,
as well as the value of duty cycle during the 2nd stress step
(5.88%) and the shape of the curves shown in Fig. 7, we can
conclude that the 2nd stress step leads to the annealing of ox-
ide trapped-charge and interface traps rather than to their cre-
ation. As is well known, the changes in device threshold volt-
age during the NBT stress are attributed to the generation of
oxide-trapped charge and interface traps due to stress-initiated
electrochemical processes and reactions involving oxide and
interface defects, holes, and various species (H®, Hp, H™,
OH, H,0, H30™") associated with the presence of hydrogen
as a common impurity in MOS devices.!!-3-512:44-46] Buildup
of oxide charge under the high negative oxide field can be
explained by hole trapping at near-interface oxygen vacancy
defects: 4]

0;=Si*"Si=0;+h" - 0;=Si"*Si=05, (3)

or by the dissociation of weak Si—H bonds near the interface
by high electric field:*”]

03 =Si-H+h" < 03 =Si" +H". 4)

The above oxide charge could be transformed into inter-
face traps,[“? but the buildup of interface traps is more likely
to occur due to dissociation of weak interfacial Si—H bonds by
high electric field:[-]

Si3 = Si-H < Si; = Si* + H°. 5)

The released highly reactive neutral hydrogen atoms can
also dissociate the Si—H bonds at the interface or in the oxide

near the interface: -]
Siz = Si-H+H*® < Si3 = Si® + Ho, (6)
03 =Si-H+H*+ht & 03 =Si" +Hy, 7

leading to the creation of additional interface traps or posi-
tively charged oxide defects. Alternatively, hydrogen atoms
can react with an abundance of holes from the substrate to
form ions: 48]

H*+h" < HT, (8)

which afterwards, drifting away from interface toward the gate
under the negative oxide field, can dissociate the Si—-H bonds
in the gate oxide near the interface:!!4%]

O3 = Si—H—|—H+ — 03 = SiT + Hy, )

leading to the creation of additional positively charged oxide
defects.
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Fig. 6. (color online) Threshold voltage shifts during the 4-step sequence of pulsed NBT stressing (Vg = —45 V, T = 175 °C,

f =8.00 kHz) at different duty cycles.
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Fig. 7. (color online) Threshold voltage shifts during the 4-step sequence of pulsed NBT stressing (Vg = —45 V, T = 175 °C,

f = 18.82 kHz) at different duty cycles.

The H, molecules released in reaction (6) at interface, and
reactions (7) and (9) in the vicinity of interface diffuse more
deeply into the oxide and can be cracked at positively charged

oxide traps: 4]

03 =Sit +H, - 03 =Si-H" +H*. (10)

Neutral hydrogen released in reaction (10) can take part in for-
ward reactions (6) and (7), as well as in reverse reactions (4)
and (5), rounding up the chain of reactions (4)—(10).

In terms of the model described by the above reactions,
oxide-trapped charge (Ny) and interface traps (Nj) are cre-
ated through the reactions (3)—(7) and (9) during the on-time

in each cycle of pulsed NBT stressing. The on-time for the 6th
group of devices in the 2nd stress step is rather short (3.12 ps),
so the buildup of Ny and Ny is significantly lower than during
the first stress. In addition, the off-time for this group of de-
vices in the 2nd stress step (50 ps) is much longer than the
on-time, so the recovery through the reverse reactions (4)—
(7) and (9) (which lead to the neutralization of oxide-trapped
charge and the passivation of interface traps) becomes more
significant than during the first stress step. As a consequence
of the above two phenomena in the 2nd stress step (reduced
degradation and enhanced recovery as compared with the first

stress) the initial degradation, which is created in the 6th group
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during the first stress step, tends to be annealed during the
second stress. The amount of recovery depends on the off-
time, as well as on the status of the gate oxide and SiOp—
Si interface found immediately after the first stress, includ-
ing the densities of stress-induced oxide-trapped charges and
interface traps and their spatial and energy distributions, the
number of potential trapping sites and quantities of reacting
species available, including new defects possibly created by
preceding stress. It is important to note that the main part of
recovery during the off-time can be ascribed primarily to the
recoverable component of degradation, which actually means
passivation/neutralization of shallow oxide traps that are not
transformed into deeper traps (permanent component).30->1]
As can be seen in Fig. 7, AVt value for the 6th group of devices
during the 2nd stress step approaches to the value of AVt for
the 5th group, but does not reach it. This clearly indicates that
contribution of the recoverable component to overall degra-
dation in the 6th group of devices has not been completely
removed during the 2nd stress step. Moreover, during the 3rd
and 4th stress step AVt for the 6th group of devices shows
qualitatively the same behavior as during the 1st and 2nd stress
step, but all changes are slower and lower. As a result, after
each even number of step some shallow oxide traps are perma-
nently transformed into deeper traps. This can be clearly seen
in Fig. 8, which shows the threshold voltage shifts observed in
the 6th group of devices during the 4-step sequence of pulsed
NBT stressing . The curves of AVt versus time shown in Fig. 8

can be fitted by the following equation during the odd stress
steps: 3442431

AVT:altbl (11)
and by the following one during the even stress steps:[>?!
AVr = ay — ¢t (12)

where a1, by, az, by, and c; are the fitting parameters. Namely,
the power-law time evolution is a reasonable approximation
for modeling the threshold voltage shift as a function of time.
It should be noted here that the behavior of threshold voltage
shifts during the even stress step is dominantly shaped by the
recovery (i.e. annealing) phenomenon, so we use Eq. (12),
which is the characteristic function for annealing. As can be
seen, the threshold voltage quickly recovers in the early stage
of the 2nd stress step, but major portion of the shift induced by
the first stress step is restored when repeating the stress during
the 3rd stress step, though not so quickly. The change in AVt
tends to be less pronounced in each new repetition, which can
be clearly seen from the values of parameters b; and b;, indi-
cating that AVt will tend to be saturate after large number of

stress steps.

It is important to note that AVt for the 4th group of de-
vices shows quantitatively and qualitatively the same behavior
as for the 6th group, where AVt behaviors observed in the 4th
group of devices during the 2nd, 3rd, and 4th stress steps core-
spond to AVt behaviors observed in the 6th group of devices
This
is quite understandable because the NBT stress conditions are

during the Ist, 2nd, and 3rd stress steps, respectively.

the same during the corresponding steps. As a consequence,
one may expect that AVt will be saturated after a large num-
ber of stress steps in both groups of devices. However, AVt
values in both groups of devices remain above AVt in the 5th
group, pointing out to the transformation of the recoverable
component of degradation into a more permanent one. These
results have clearly shown that, if the p-channel power VD-
MOSFETs are exposed to the pulsed NBT stress with pulse
off-time shorter than 25 us at any stage of their operation, the
resulting instabilities could be more serious than those found
in devices exposed to pulsed NBT stress with pulse off-time
longer than 25 s, regardless of the same net stress time. Ac-
cordingly, we can conclude that by selecting an appropriate
combination of the frequency and duty cycle, the AVt induced
under the pulsed NBT stress conditions can be significantly
reduced, which as a result may lead to the improvement in de-
vice lifetime. Though, it should be noted that actual choice of

optimal frequency and DTC depends on circuit requirements.

DTC =5.88% Stress time/10* s
8 6 4 2 0
T T T T T
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Fig. 8. Threshold voltage shifts during the 4-step sequence of pulsed NBT
stressing (Vg = —45 V, T = 175 °C, f = 18.82 kHz) for the 6th group of
devices.

Existing studies about pulsed NBTI show a relation be-
tween AVp and DTC, having the typical S-like shapel*!! as
illustrated in Fig. 5. The reason for this shape has not yet
been completely explained, but many research groups provide
a good fit with experimental data. The above considerations
clearly indicate that functions F} and F; in Eq. (2), which are
used to account for the frequency and DTC dependences, re-

spectively, are mutually dependent at some frequencies and

106601-7



Chin. Phys. B  Vol. 24, No. 10 (2015) 106601

for some values of duty cycles. Accordingly, threshold volt-
age shift models for pulsed NBT stressed VDMOSFETSs need
to be modified at lower frequencies and for higher values of
duty cycle as a consequence of creation of the slowly relaxing
or permanent component of degradation, which appears due to
the transformation of some shallow oxide traps into the deeper

ones.

4. Conclusions

The dynamic recovery effects in p-channel power VD-
MOSFETs subjected to NBT stressing under the particular
pulsed bias conditions are analyzed. Particular values of the
pulsed stress voltage frequency and duty cycle are chosen to
analyze the recoverable and permanent components of degra-
dation and assess the role of partial recovery of threshold volt-
age during the period fractions corresponding to the “low”
level of the pulsed stress voltage in overall NBTI. The re-
sults are discussed in terms of the mechanisms represented by
several electrochemical reactions, which include hole trapping
and dissociation of Si—H bonds under the high electric field, as
well as some other reactions involving both oxide and interface
defects and hydrogen-related species. Most of these reactions
can occur in either forward or reverse directions, leading to the
buildup of oxide charge and interface traps or to their neutral-
ization/passivation, which is utilized to explain partial recov-
ery during the low level of pulsed gate voltage. This recovery
depends on off-time, as well as on gate oxide and SiO,-Si in-
terface status found immediately after the stress, including the
densities of stress-induced oxide-trapped charges and interface
traps and their spatial and energy distributions. Our results
have clearly shown that, if the p-channel power VDMOSFETs
are exposed to pulsed NBT stress with pulse off-time shorter
than 25 us at any stage of their operation, the related instabili-
ties could be more serious than those found in devices exposed
to pulsed NBT stress with pulse off-time longer than 25 us,
regardless of the same net stress time. It is further shown that
by selecting an appropriate combination of the frequency and
duty cycle, the AVt induced under the pulsed NBT stress con-
ditions can be significantly reduced, thus leading to the im-
provement in device lifetime. Though, this is just an option,
as the actual choice of optimal operation frequency and DTC

depends on circuit requirements.
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