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Abstract—The aim of this paper is to highlight the effect of
gate bias switches and charge pumping (CP) on oxide trap and
interface-state recovery. In general, variations in gate bias correspond to shifts of the Fermi level (EF ) across the silicon band gap
and trigger carrier exchange between stress-induced oxide traps
and the silicon substrate. Our measurements strongly indicate that
interface-state recovery is accelerated by the CP measurement
itself, whereas oxide-trap occupation can be controlled more efficiently by slow Fermi level switches. Oxide-trap neutralization/
charging by electron/hole capture works similarly to interface
states but with larger time constants indicating inelastic carrier
tunneling between the silicon substrate and stress-induced donorlike oxide traps. In a combined study, we compare thresholdvoltage shifts and recovery of identically processed NMOS and
PMOS devices which allows us to gain access to the full silicon band gap by appropriate gate biasing. Additional CP measurements on identically stressed reference devices allow us
furthermore to differentiate quantitatively between interface-state
and oxide-trap contributions. Finally, by referring oxide-trapdependent VTH shifts after stress to certain gate voltages during
recovery, energetic profiling of oxide traps with respect to the
Fermi level position becomes possible.
Index Terms—Charge pumping (CP), interface states, negativebias temperature instability (NBTI), oxide traps.

I. I NTRODUCTION

T

HE CURRENT understanding of negative-bias temperature instability (NBTI) in MOS devices suggests interface
states and/or oxide traps to be created during stress [1]–[3]. The
degradation of an electrically stressed MOS device is usually
characterized by evaluating the threshold-voltage shift using
a constant drain current criterion. During the measurement of
a standard transfer curve, the gate voltage is generally swept
from accumulation to inversion while a constant bias is applied
between source and drain. From an energetic point of view,
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this means that the Fermi level EF at the gate-oxide–siliconsubstrate interface moves incrementally from one band edge
to the other, resulting in an exponential growth of the drain
current in the subthreshold region of the device. According
to Shockley–Read–Hall (SRH) theory, interface states located
energetically within the silicon band gap can follow such
changes in EF very quickly and quasi-instantaneously adjust
their charge state (relative to the time scales of our measurements). This means that traps above the Fermi level become
uncharged while traps below EF stay occupied as the Fermi
level crosses the silicon band gap during a gate bias ramp. As
a result, we observe a variation in the subthreshold slope of the
transfer curve which is usually attributed to charging of stressinduced interface states (Nit ) [4]–[9]. Recent research suggests, however, that oxide traps can also change their occupancy
with respect to EF , which results in an additional contribution
to the variation in the subthreshold slope [9]–[11].
In this paper, we extend the idea of rechargeable oxide traps
with larger carrier exchange time constants than interface states
and will prove that such traps have to be considered in order
to explain the full differences in the VTH shifts recorded at
different gate biases. The position of the Fermi level at which
we evaluate the threshold-voltage shift will turn out to be of
fundamental importance, since it has a considerable impact on
the extracted VTH shifts and the recovery characteristics.

II. PMOS AND NMOS C OMBINATION T ECHNIQUE
As we drive a device from accumulation to inversion by a
gate bias sweep, we cannot reasonably measure an appropriate
exponential growth in the drain current before the density of minority carriers does not exceed the density of majority carriers
within the channel. Consequently, when evaluating VTH shifts
from transfer curves, the energy range between the valenceband edge (EV ) and the intrinsic energy (Ei ) is not accessible
for the NMOS device. Similarly, the energy range between Ei
and the conduction-band edge (EC ) remains hidden for the
PMOS device. Only by combining the study of both devices
can we maximize the accessible range of VTH shift evaluation
versus gate voltage: On a PMOS device, we have the possibility
to scan roughly the lower half of the silicon band gap by varying
the Fermi level between Ei and EV . By using an identically
processed but oppositely doped NMOS device, which has a
completely different Fermi level position for gate biases around
its threshold voltage, we can scan the upper half of the silicon
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Fig. 1. Schematic illustration of the Fermi level position at the interface
during stress and recovery for the PMOS and the NMOS devices. The values at
stress level and at VTH are highlighted by circles. During stress, the oxide field
is identical for both types of devices. The energy interval ΔEPN represents the
difference in Fermi level position between the NMOS and the PMOS devices
during recovery at VTH .

band gap by varying the Fermi level between Ei and EC
(Fig. 1).
In order to generate identical stress levels by identical stress
biases, we have fabricated our devices with a single-gate
polyprocess (n++ gate material for both NMOS and PMOS
devices). The threshold voltage of the PMOS device is approximately −1.1 V, the threshold voltage of the NMOS device
+1.1 V, respectively. We remark that despite of the different
substrate and junction doping, during stress, the same gate bias
results in the same oxide field and identical carrier concentrations under the gate oxide. This statement holds at least for thick
oxide technologies stressed at gate biases far beyond threshold
voltage. Due to the considerable overdrive (VGS −VTH ) of the
PMOS device during stress in inversion, the surface potential
becomes equal to the drain and source voltage (0.0 V). On the
other hand, the surface potential of the NMOS device stressed
in accumulation becomes equal to the substrate voltage (0.0 V).
We consider this a particular strength of our combined analysis
because it allows us to monitor the impact of comparable
degradation levels in different parts of the silicon band gap.
III. E XPERIMENTAL D ETAILS
In order to minimize tunneling currents in thin oxides and
the strongly process-dependent impact of nitridation, we use
MOS transistors with identical thermally grown SiO2 gate
oxides (tox = 30 nm). It has recently been shown that the
basic mechanisms behind NBTI are essentially the same in
thin and thick SiO2 and SiON technologies [14]. In particular,
it has been shown that in pure SiO2 technologies, the oxidecharge contribution relative to the interface-state contribution
is smaller [11], [13], [14].
In order to extract stress-induced VTH shifts for different
Fermi level positions, we measure the drain current (Id ) at
different gate biases before stress and during recovery. In the
analysis, we then convert changes in the drain current into
equivalent threshold-voltage shifts [15]. In order to separate
it
ox
) and oxide-trap (ΔVTH
) conbetween interface states (ΔVTH
tributions to the total VTH shift, we use the charge-pumping
(CP) technique on reference devices [16]–[18]. To record the
maximum CP current, we pulsed the gate symmetrically at a
frequency of 500 kHz between deep accumulation and deep
inversion, with rise and fall times of 375 ns, respectively.
The frequency of 500 kHz implies that all traps with carrier
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exchange time constants shorter than 1 μs are, by definition,
interface states. For the conversion of the maximum CP current
into an effective interface-state-dependent VTH shift, it is essentially important to consider that the scanned energy interval
during CP does not generally coincide with the energy interval
of electrical active (charged) interface traps at a certain constant
gate bias. During CP, the scanned energy interval (ΔECP )
only depends on the pulse slopes and on temperature [17]. In
particular, it is independent of the charge state of the interface
traps and contains information about parts of both the upper and
lower half of the silicon band gap.
By contrast, if we measure the drain current at a constant
gate bias, the Fermi level position and the nature of traps alone
define the electrically active energy interval of charged interface
states (ΔEVG ) that cause a contribution to the thresholdvoltage shift. In the analysis of our data, we make use of
the fact that interface states are amphoteric, i.e., traps in the
upper half of the silicon band gap are negatively charged upon
capture of an electron and neutral when empty, and traps in the
lower half of the band gap are positively charged upon hole
capture or neutral when empty [19]–[21]. This fact is not in
contradiction with the observation that NBTI on PMOS devices
predominantly creates donorlike defects [22]–[24]. This is also
observed in our data; however, it will be shown that these donorlike defects are predominantly oxide charges. The only small
it
uncertainty related to the conversion of ΔICPmax to ΔVTH
is that we assume the amphoteric transition at midgap and a
flat density of states (DOS) within the silicon band gap. We
note that this assumption is probably not totally correct, since it
has been reported for Pb centers that the Dit (E) profile might
have a minimum around midgap and two symmetric maxima
at roughly Ei ± 280 meV in the upper and lower half of the
silicon band gap [25]. The extracted Dit from CP measurements
is generally an average value over ΔECP . Using our pulse
setup, this energy interval is estimated to be Ei ± 180 meV
at 125 ◦ C and therefore does not cover the proposed maxima
completely. Consequently, the flat DOS approach might slightly
it
)
underestimate the interface-state-dependent VTH shift (ΔVTH
at a constant gate voltage VG (ΔEVG ), particularly for gate
biases close to threshold voltage. However, this has no impact
on our general conclusions.
All our devices discussed in the following are stressed
identically for several thousand seconds at a temperature of
125 ◦ C and a constant oxide field of 5.5 MV/cm. During
recovery, we vary the gate bias and study the response of
the interface states and the total threshold-voltage shift. For
our investigations, it is necessary to compare different sets of
identically processed devices with the same geometry on the
same wafer by subjecting them serially to NBTI stress. Care
has been taken in the designing of the layout that NMOS and
PMOS devices are electrically isolated and can be stressed
and characterized separately. In order to assure that these
devices actually degrade identically, we select devices with
comparable unstressed transfer and CP characteristics. This
was done because preliminary measurements have indicated a
good correlation between the degradation levels observed in
equally fabricated devices provided they had identical virgin
CP characteristics.
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Fig. 2. (a) Recovery of ΔICPmax for a PMOS and an NMOS device after
stressing both devices under the same bias and temperature conditions. Both
devices show similar degradation of ICPmax , indicating a comparable Dit
after stress. Due to continuous gate pulsing, moderate interface-state recovery
can be observed. However, within the first second, the reduction of ICPmax is
insignificant and independent of the bias conditions. (b) Recovery of ICPmax
for the PMOS and the NMOS device after stressing both devices at the
same bias and temperature. Within the gray-shaded areas, the gate voltage is
constant at VG = −1.1 V (PMOS), respectively, +1.1 V (NMOS). Within the
white areas, we pulse the gate in order to record ICPmax . During the gatepulsing periods, we observe interface-state recovery. During the constant-bias
periods, some of the previously recovered interface states can be restored again
(indicated by dotted lines).

IV. B IAS D EPENDENCE OF CP AND
C ONSTANT B IAS R ECOVERY
The first aim of this paper is to differentiate between permanent and recoverable components in the VTH shift. However, before we dare to separate them, we have to check
how oxide traps and interface states react to the gate bias.
This is essentially important since we must use different measurement setups to quantify both contributions independently.
By gate pulsing between accumulation and inversion (CP),
we may record interface-state degradation separately. On the
other hand, both contributions superimpose in the total VTH
shift recorded at a constant gate bias. By combining both
techniques, it is possible to separate interface from oxideit
component from
charge contributions by subtracting the ΔVTH
the total ΔVTH shift. The challenge here is to determine
the contribution and recovery of charged interface states at
a constant gate bias by means of a measurement technique
that requires gate pulsing from inversion to accumulation
(CP). This is not straightforward at all if gate pulsing turns
out to have an impact on either oxide-trap or interface-state
recovery. To check this, we perform two key experiments,
cf. Figs. 2 and 3.

Fig. 3. (a) Constant bias recovery at VTH for the PMOS and the NMOS
device. After 10 000-s recovery, we have performed a short CP measurement
and converted the ICPmax current into an appropriate interface-state-dependent
it (open diamonds). (b) Constant bias recovery at V
VTH shift ΔVTH
TH for the
PMOS and the NMOS devices, including two short CP cycles right after stress
it
and after 10 000-s recovery. The corresponding ΔVTH shifts are shown by open
diamonds. The CP measurement has a dramatic impact on the recovery of VTH .
There is no interface-state recovery as long as the gate bias is kept constant
(no repetitive CP measurements).

A. Interface-State Recovery Versus Gate Bias
In Fig. 2(a), the recovery of ΔICPmax is shown for NMOS
and PMOS devices stressed under the same bias and temperature conditions. During CP, we have continuously pulsed the
gate of the NMOS device between −1 V (VGL ) and +2 V
(VGH ), the PMOS device between −2 V (VGL ) and +1 V
(VGH ), respectively. We remark that the NMOS device has
a slightly higher (∼10%) CP signal than the PMOS device
after stress. Within 100 s of uninterrupted gate pulsing, the CP
currents of both devices recover in a similar way by about 15%,
indicating time-dependent repassivation of dangling bonds at
the interface [3], [24], [26], [27]. However, within the first
second of gate pulsing, there is no significant decrease in
ΔICPmax , neither for the PMOS nor for the NMOS device. This
finding is in contradiction to results obtained by on-the-fly CP
(OTFIT) measurements reported in [28] and subject of a separate study [29].
In the experiment shown in Fig. 2(b), we have replaced
continuous gate pulsing (500 kHz) by sequences of constant
gate biasing (−1.1-V PMOS and +1.1-V NMOS) followed
by gate pulsing (−1/ + 2-V NMOS and −2/ + 1-V PMOS).
Both sequences were repeated four times with increasing cycle
durations (10/100/1000/10 000 s).
During the gate-pulsing periods, we observe continuous
interface-state recovery similar to those reported in [24] and
[30]. We also note that the recovery of the NMOS device
is faster than the recovery of the PMOS device which may
be due to the different biasing conditions during gate pulsing
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[31], [32]. Conversely, between two pulsing periods where the
gate bias is constant, there is rather an increase than a decrease
in ΔICPmax which indicates that previously recovered interface
states may be restored again. This kind of “degradation” of the
CP current is estimated by dotted lines in Fig. 2(b). Remarkably,
the increase is similar for the PMOS and NMOS devices despite
of the different biasing conditions (±1.1 V). This indicates that
the gate voltage and the carrier concentration at the interface
are not crucially determining this phenomenon. In contrast
to Yang et al. [31], who concluded that the passivation of
interface states is accelerated by an applied positive gate bias,
and Ang [32], who suggested that the CP current recovery is
suppressed by an applied positive gate bias, our experiments
show unambiguously that it is the high-frequency pulsing, i.e.,
the CP measurement, itself which accelerates interface-state
recovery and makes it look like the “classic” recovery curves
shown in Fig. 2(a). The pulsing levels and the sign of the
constant gate voltage between the CP samples seem to be just
of second-order importance as long as the gate voltage does
not subject the device to stress like in conventional OTF or
OTFIT measurements. The results obtained by Yang et al. [31]
and Ang [32] might also be misleading due to the long-lasting
CP measurement periods (e.g., 120 s in [32]) and the large
measurement delay used to determine the ΔNit contributions.
Although it is not subject of this paper to find a model for
interface degradation and repassivation, we explicitly remark
that these observations challenge VTH recovery theories based
on interface-state passivation [3], [24], [26], [27] and indicate
that continuous gate pulsing is not appropriate to investigate Dit
recovery during constant gate biasing.
In the following section, we will demonstrate that the
interface-state contribution stays quasi-permanent, consistent
with [2], if we keep our CP samples shorter than 1 s
and abstain from long continuous gate pulsing periods.
This finding indicates that the observed increase of the CP
current during constant gate biasing [cf. Fig. 2(b)] is rather a
restoration of previously recovered interface traps than a true
degradation.
B. Threshold-Voltage Recovery Versus Gate Bias
In this section, we further investigate the influence of the
gate bias on the total VTH shift. In particular, we expect that
CP has a significant impact on the carrier exchange properties
and, therefore, on the VTH and oxide-trap recovery, since gate
pulsing during CP corresponds to periodic Fermi level switches
across the entire silicon band gap.
Standard (VTH− ) recovery curves observed after NBTI stress
of p- and n-channel MOSFETS are shown in Fig. 3(a). During
recovery, the gate–source bias (VGS ) was kept at a value close
to the threshold voltage of the PMOS (−1.1 V) and NMOS
device (+1.1 V), respectively. According to Fig. 3(a), the first
important finding is that both p- and n-channel devices recover
in a comparable way, yet starting from completely different
ΔVTH values visible immediately after the end of stress. We
further remark that the VTH shift of the NMOS device is
negative within the first 200-ms poststress. Only after 200 ms
the shift becomes positive, indicating that the balance between
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negative and positive contributions to VTH shift has turned in
favor of the negative charge.
In order to understand these results, we apply a short CP
measurement right after the constant-bias recovery period and
convert changes in ICPmax with respect to their virgin values
it
). Assuming
into appropriate Dit -dependent VTH shifts (ΔVTH
a flat DOS, this can be done by considering a weight factor
[33] that accounts for the mismatch between the charged energy
interval at a constant gate bias VG (ΔEVG ) and the profiled
energy range during CP (ΔECP )
it
ΔVTH
=−

ΔQit
ΔEVG ΔICPmax
≈−
·
COX
ΔECP f · A · COX

(1)

where ΔQit is the increase in net interface charge at VG due
to stress, COX is the oxide capacitance, f is the measurement
frequency, and A is the gate area. We remark that due to the
amphoteric nature of interface traps, ΔQit can be either positive
or negative depending on the current Fermi level position
during read-out at VG . This implies that although the net charge
build up after NBTI is positive in most reported cases (resulting
in a negative threshold-voltage shift after NBTI), individual
contributions to the VTH shift can interfere either constructively
or destructively with respect to their present charge state. To
put it in a nutshell, in a PMOS device at VTH (−1.1 V), both
interface traps and oxide traps are positively charged, accumulating in a high negative threshold-voltage shift. Conversely, in
an NMOS device at VTH (+1.1 V), oxide traps are positively
charged while interface states are negatively charged, resulting
in either a net-positive or net-negative threshold-voltage shift
depending on the contribution that dominates.
In Fig. 3(a), the Dit -equivalent ΔVTH shifts for both devices are shown by large open diamonds. Clearly, after a long
recovery period of 10 000 s, the remaining threshold-voltage
degradation is essentially due to interface states for the NMOS
(∼8 mV), whereas for the PMOS, the major part (∼25 mV) of
the visible shift must be attributed to positive oxide charge, only
5 mV being due to interface states.
In order to elaborate the role of interface states and gate
pulsing on the VTH recovery, we perform another key experiment using a second set of p- and n-channel devices, cf.
Fig. 3(b). On this second set, we start immediately with CP
after the end of stress, i.e., before recording the VTH recovery
curve at a constant gate bias. The CP periods were kept as
short as possible (< 1 s) in order to prevent the previously
discussed Dit recovery induced by gate pulsing. A comparison
of the VTH recovery characteristics shown in Fig. 3(a) and (b)
shows that CP right after stress influences the subsequent VTH
shift considerably [31][34]. The ΔVTH levels of both NMOS
and PMOS devices shift in the positive direction, indicating a
reduction in net positive charge. We remark that the recovery
curve of the PMOS device even changes its direction after the
CP measurement.
it
contributions of Fig. 3(a) and
When comparing the ΔVTH
(b), we realize that they are nearly identical right after stress
and after 10 000-s recovery at constant gate bias. This indicates
that interface states remain permanent if we keep our CP
measurement cycles short.
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V. S UMMARY OF E XPERIMENTAL F INDINGS
1) We must use separate sets of devices and short CP
it
investigameasurements for reliable ΔVTH and ΔVTH
tions during constant bias recovery. These conclusions
are drawn from the findings that interface state and VTH
recovery are influenced considerably by gate pulsing.
2) Interface states are permanent as long as the gate bias is
constant between two short (∼0.5 s) CP measurements,
cf. Fig. 3(b). Consequently, they cannot account for the
threshold-voltage recovery observed at constant gate bias.
3) During VTH recovery, PMOS and NMOS devices shift
in the same direction, cf. Fig. 3(a). This indicates that,
in both cases, net positive charge is lost. In addition, the
recovery rate is larger in the NMOS device biased at
a positive gate voltage. This is consistent with previous
observations and with the idea of oxide-trap recovery via
electron capture, the latter being much more efficient at
positive gate biases.
4) The net charge at the end of a long recovery phase is positive for the PMOS and negative for the NMOS device.
Indeed, the VTH shift of the NMOS device after 10 000-s
recovery at +1.1 V equals approximately its interfacestate contribution. Conversely, 10 000-s recovery at
−1.1 V (PMOS) leaves a considerable amount of additional positive oxide charge [2], [15]. The explanation consistent with the bulk of literature on oxide and
interface traps is as follows: Oxide traps (E  centers)
are donorlike while interface states are amphoteric [25].
Consequently, the positive VTH shift of the NMOS device
after recovery must originate from a dominance of the
negative interface-state charge.
5) The observed difference of ∼30 mV between the total VTH shift of the NMOS and PMOS device shown
in Fig. 3(a) cannot be explained by interface charge
it
) of
alone, cf. Fig. 3(b). The Dit -related fraction (ΔVTH
∼15 mV is only about half of the total VTH shift
difference.
6) After NBTI, significantly more (equivalent another
∼15 mV) positive oxide charge is visible on PMOS
than on NMOS devices, although the stress field and
temperature have been identical for both devices.

energy level of NBTI-induced oxide traps is too high to be
observed under conventional bias conditions.
In the following experiments, we will use the acquired
knowledge on interface and oxide traps to differentiate correctly between various contributions to the total VTH shift.
By separating interface from oxide charges, we can study the
exchange properties, quantity, and energetic location of NBTIinduced oxide traps by attributing their present charge state to
the current position of the Fermi level (EF ) at the interface. We
remark that these reference energies within the silicon band gap
need not necessarily correspond to the trap energies of the oxide
defects within the silicon dioxide band gap, since the gradient of
the chemical potential within the insulator is not well defined.
In Fig. 4, we schematically show the band diagrams of a
PMOS and an NMOS device during stress and recovery (with
the gate bias close to the respective threshold voltage, cf. [37]).
Positive and negative charges optionally contributing to the
VTH shift are indicated by hatched areas (the latter occurring
only for the NMOS due to charging of acceptorlike interface
traps). The defects we focus on in this section are switching
oxide charges energetically located within the silicon band
gap, as shown in the inset of Fig. 4(b). Since these kinds of
traps are too slow to contribute to the conventional CP signal,
their carrier-exchange time constants must be greater than 1 μs
(half of the gate-pulsing period during CP). According to the
simulations of Heh et al. [38], a high/low time of 1 μs would
correspond to a spatial probing depth of approximately 5–6 Å
in pure amorphous SiO2 . This is an important conclusion
consistent with some recent reports [10] but in contradiction to
the assumption that charge trapping into the oxide occurs into
preexisting traps [2].
Due to different Fermi level positions of the inverted PMOS
and NMOS transistor, these traps will be filled (and hence
neutral) in the NMOS device and empty (hence positive) in
the PMOS device. The critical energy range between the Fermi
level of the PMOS (EFP ) and NMOS (EFN ) transistors biased
in (weak) inversion will be denoted as ΔEPN . By changing the
gate bias in a defined way during recovery, we can expand or
shrink ΔEPN , which enables us to energetically profile defects
to a certain degree.
VII. T IME C ONSTANTS AND S PECTROSCOPIC
T RAP P ROFILING

VI. R ECHARGEABLE OXIDE T RAPS AND T HEIR
E LECTRICAL R ESPONSE
The key results of our experiments describe the nature and
dynamics of NBTI stress-induced traps as follows: Interface
states are amphoteric, permanent, and cannot account for the
whole visible VTH shift, consistent with [2]; additionally, there
is stress-induced donorlike oxide charge which is recoverable
and predominantly positive in PMOS and neutral in NMOS
devices at their particular VTH . This is fully consistent with
our results discussed earlier and the energy range accessible
by our gate bias switches. We note that it has been suggested
in literature [35], [36] that oxide traps can become negatively
charged as well; however, since this is not usually observed for
NBTI-induced oxide traps, our results suggest that the negative

The occupancy of interface states can follow changes in EF
quasi-instantaneously (SRH theory), with the fastest response
times being in the pico- and nanosecond range and the slowest
response times for traps located at midgap in the millisecond
regime [39], both outside our measurement window. Oxide
traps, on the other hand, are expected to require a longer time
interval to restore equilibrium with the silicon substrate, since a
large quantum–mechanical barrier has to be overcome by elastic or inelastic tunneling. In addition, charging and discharging
is likely to be accompanied by structural relaxation [40]–[42].
Generally, this means that if the Fermi level is changed abruptly
(for example, when we switch the gate bias from stress level
to VTH ), a new equilibrium condition is generated. Assuming
an elastic tunneling process, stress-induced oxide traps within
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Fig. 4. Schematic band diagram of PMOS and NMOS devices during (a) NBTI stress and (b) recovery at VTH . During stress, both the oxide field and the Fermi
level position are identical for NMOS and PMOS devices when stressed at a sufficiently large bias. During recovery, the net oxide and interface charge is different
for the PMOS and the NMOS devices due to the different position of the Fermi level at VTH . The hatched area in the inset of (b) illustrates the difference ΔEPN .
Oxide traps and interface states located energetically within this interval will account for additional positive charge in the PMOS device.

Fig. 5. Total VTH shift during recovery at different gate biases for the PMOS
and the NMOS devices. As the gate voltage drives the Fermi levels closer to
midgap, the difference between the PMOS and the NMOS devices decreases.
As we switch the bias from depletion back to inversion, transients emerge as
tails in the recovery curve (circles).

the energy range EFnew −EFold would tend to become or stay
positively charged while traps below EFnew would rather be
neutralized. Such a “switching” behavior of oxide traps was
already reported for Eγ centers in MOS structures after irradiation [43], [44].
In Fig. 5, we generate such new equilibrium conditions by
switching the gate bias during recovery of the NMOS and
PMOS devices in a defined way between weak and deep
inversion: after 10 s of recovery at ±1.1 V (NMOS/PMOS), we
change the gate bias for another 100 s toward weaker inversion
(±0.85 V). This causes the Fermi level to move immediately
from the band edges toward midgap, cf. Fig. 1. A second gate
bias switch from ±0.85 to ±0.6 V for another 1000 s moves the
Fermi level even closer to midgap. The last recovery cycle was
again at ±1.1 V and lasted for 10 000 s.
According to the data shown in Fig. 5, a Fermi level variation toward midgap lowers the total VTH shift for the NMOS
and PMOS transistor as well. Consequently, the difference
in net positive charge between NMOS and PMOS devices
is reduced. Following our model, this is because the energy
interval ΔEPN = EFN − EFP has reduced itself as we bias
both devices closer to accumulation. After the last bias switch
from ±0.6 V (weak inversion) back to ±1.1 V (deep inversion),
we observe a huge step in the VTH shift that indicates that

Fig. 6. Interface-state-dependent VTH shift during recovery at different gate
biases for the PMOS and the NMOS devices. Before every constant-biasrecovery phase, we have performed a short CP measurement for 0.5 s (full
it
triangles). In the analysis, we have then converted ΔICPmax into ΔVTH
(open diamonds) and interpolated linearly between the measurement points. We
also accounted for different active energy intervals of charged interface states
(ΔEVG ) at different gate biases.

previously neutralized defects can be recharged again. This
behavior is typically attributed to interface states and not fully
appreciated for oxide defects. We remark furthermore that the
charges in the VTH shift do not react instantaneously to the
bias switch. Instead, we observe moderately fast transients (tails
in the recovery curve) after the bias switch, which indicate a
relatively slow (i.e., time constants in the range of seconds)
dynamic carrier exchange process which may be due to inelastic
tunneling between oxide defects and the silicon substrate. SRH
recombination of interface states or elastic tunneling would be
definitely too fast to produce recovery tails which are within our
measurement resolution.
Note that in Fig. 5, the observed total VTH shifts are still
the sum of interface and oxide-trap contributions. In order to
decouple them, we have performed measurements on additional
NMOS and PMOS devices where we introduced short CP
measurements before and after every recovery cycle in a similar
way, as shown in Fig. 3(b).
In Fig. 6, the extracted CP currents for the PMOS and the
NMOS devices are illustrated by triangles. Consistent with the
results of the previous section, the CP current does neither recover nor degrade significantly if the pulsing time is kept short
and the gate bias is constant between the CP measurements.
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Fig. 7. Oxide-charge-dependent VTH shift during recovery at different gate
biases for the PMOS and the NMOS devices. The oxide-charge contribution
results from subtracting the interface contribution by the total VTH shift.
After 10 000-s recovery, the oxide-charge contribution of the NMOS device
is approximately zero.

Fig. 8. Extracted (diamonds) Qit and (squares) Qox energy profiles. The
interface-state-dependent part increases linearly with ΔEPN , since we have
assumed a constant DOS within the silicon band gap. The oxide-chargedependent contribution increases in a similar way, indicating also a nearly
homogeneous density of oxide traps within ΔEPN .

Following (1), we have converted the extracted ΔICPmax values into appropriate threshold-voltage shifts (symbolized by
open diamonds, values in between are linear interpolations).
Having extracted the interface-state-dependent ΔVTH
it
component (ΔVTH
), the oxide-trap-dependent contribution
ox
it
by
(ΔVTH ) can directly be obtained by subtracting ΔVTH
ox
the total VTH shift shown in Fig. 5. ΔVTH is shown in
Fig. 7 and can be attributed to switching oxide charge located
energetically within ΔEPN .
The medium concentration of interface states and oxide traps
within ΔEPN can be studied when we average the differences
it
ox
(cf. Fig. 6) and ΔVTH
between NMOS and PMOS in ΔVTH
(cf. Fig. 7) over the recovery time. Both contributions are
shown separately as a function of ΔEPN in Fig. 8. As the
interval ΔEPN shrinks, the oxide-charge contribution decreases
quasi-linearly. This indicates a homogeneous distribution of
oxide traps within the scanned energetic area, consistent with
[45]. The interface-state contribution decreases linearly as well;
however, this is a natural consequence of the assumed flat DOS.
VIII. C ONCLUSION
We have analyzed interface states and carrier-exchange
processes between the silicon substrate and the SiO2 gate oxide.
The impact of gate bias on the recovery of oxide and interface
states was studied using NMOS and PMOS devices to make
a larger portion of the silicon band gap visible. The occupancy

(charge state) of both types of traps was found to be bias dependent during recovery. However, as opposed to oxide charges,
interface-state recovery was found to be negligible when the
gate-pulsing time is kept short, and the gate bias is constant between the intermediate pulsing periods. Continuous gate pulsing during recovery showed a significant recovery acceleration
of Dit . Concerning trapping and detrapping characteristics of
defects, we have shown that oxide traps can exchange carriers
with the silicon substrate, however, with larger time constants
than expected for SRH-controlled interface states and elastic
tunneling. The larger time constants originate most likely from
an inelastic tunneling process between oxide defects and the
silicon substrate and appear in our measurement signal as
transients in the VTH recovery curves when we change the
gate biasing abruptly. By evaluating the difference in the VTH
shift between NMOS and PMOS devices at certain Fermi level
positions (gate voltages) and afterward removing the interfacestate contribution from the total VTH shift by an appropriate
CP reference measurement, we can finally estimate an energetic profile of oxide defects within a defined energy interval
ΔEPN around midgap. The profile suggests that oxide traps
are continuously distributed with respect to the Fermi level
position within the silicon substrate, indicating a homogeneous
density of oxide traps located close to the gate-oxide–substrate
interface.
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