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Abstract

Long-channel nMOSFETs have been electrically degraded by hot-carrier injection and the
recovery at a temperature of T = 85 ◦C in air has been investigated. Charge-pumping measure-
ments have been performed in combination of IV measurements to distinguish between interface
defects, deeper defects and charge detrapping. The recovery rate of ∆Vt is increased by a
temperature step (presumably due to charge detrapping), however the recovery of the charge
pumping current seems to follow the universal relaxation curve used for BTI at T = 85 ◦C,
regardless of the stress temperature of the device. The recovery of the charge pumping current
is mainly attributed to the repassivation of fast interface defects and deeper (border) traps may
also play a (smaller) role in the recovery phase.

1 Introduction

When applying a bias to MOSFETs, sev-
eral degradation mechanisms like Bias Temper-
ature Instability (BTI) and Hot-Carrier Injec-
tion/Degradation (HCI/HCD) can take place.
These degradation mechanisms will result in a
shift in several parameters like the threshold
voltage (∆Vt), the transconductance and the in-
terface defect density (∆Nit). The shift in pa-
rameters can be explained by structural change
in the oxide, charge (de-)trapping of oxide- or
interface-defects and the (de-)passivation of Si-
atoms at the interface by hydrogen. The dis-
sociation due to BTI according to Equation 1
was found to have an activation energy (Ea) of
0.2 eV [1–4]:

≡ SiH→ ≡ Si·+ ·H (1)

HCD is mainly attributed to the same disso-
ciation mechanism, which leads to an increase
in the interface defect density, where it is as-
sumed that the change in Vt is proportional to
the change in the interface defect density:

∆Vt ∝ ∆Nit (2)
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2 Recovery

Recovery counteracts HCD and may have a
positive influence on the practical device life-
time. Contemperory lifetime models typically
disregard this aspect. The present work aims
to gain understanding in recovery in order to
account for it in lifetime estimations. BTI re-
covers from degradation at lower temperatures
[1, 5, 6] and BTI can be attributed to recov-
ery mechanisms like decharging of oxide traps
(Ea ≈ 0.2 eV) [1, 7] and to a lesser degree the
repassivation of interface traps. The recovery is
described by a permanent (P ) and a recoverable
part (R), where it is assumed that the decharg-
ing of oxide defects plays a major role for the
time dependent recoverable part [8, 9] and the
time constants for detrapping from the defects
are temperature dependent via an Arrhenius de-
pendency [8, 10]:

τ(∆EB, T ) = τ0exp(
∆EB

kbT
) (3)

Here is kb the Boltzmann constant and ∆EB

the tunneling barrier. This results in a log-like
recovery behavior that can be described by an
empirically found, universal relaxation equation
[1, 10–12]:

∆Vt(t) = P +
R0

(1 +Bξ(t)β)
(4)
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Here P is not significantly time dependent
within the experimental window. The recover-
able component depends on the total amount of
introduced defects (R0) that can recover as a
function of recovery time, t, and temperature.
The parameters B and β are fitting parameters
and ξ depends on the ratio between stress and
recovery time: ξ = tr

ts
.

The recovery of HCD mainly takes place at
higher temperatures (T > 150 ◦C) and a tem-
perature of T = 350 ◦C − 400 ◦C is needed to
achieve complete recovery [5, 13]. The recovery
is mainly attributed to the repassivation of the
Pb-centers by hydrogen, which is always present
in the gate oxide due to different fabrication pro-
cesses. The passivation process follows the re-
covery rate described by Stesmans’ model [14],
where the activation energy was reported to be
Ea ≈ 1.5 eV [5,9, 13,14].

Recovery of ∆Vt after HCD was observed
at lower temperatures before, however detrap-
ping may have been involved here as well [15–
18]. This suggests that applying a temperature
treatment to HCD devices will not only recover
Pb-centers, but that relaxation/recovery of bor-
der/oxide traps also may take place. Further-
more, after stress and during annealing oxide-
defects can be transformed into interface de-
fects [19], clouding the exact recovery mecha-
nism. The recovery of the different types of
defects can be distinguished using the charge-
pumping (CP) technique [20,21].

The technique assumes that the CP current,
Icp, depends on the area of the channel (A), the
frequency of voltage pulses on the gate (f) and
the number of recombination centers, mainly as-
cribed to the interface defect density:

Icp = NitfAq (5)

Here is q the elementary charge. If a long
enough pulse time is used (lower frequency), ox-
ide traps near the interface may act as recombi-
nation centers and contribute to Icp, distorting
the measured Nit. A higher pulse frequency will
ensure that only Nit contribute to Icp, due to
the longer time constant for emission of deeper
traps [22].

In previous experiments [13, 23], we found
higher recovery rate in HCD devices than ex-
pected by Stesmans’ model, which may be ex-
plained by the recovery of slow and fast traps.
In this paper the recovery of charge pumping
current at elevated temperature is investigated

to distinguish the role of oxide-/interface- traps
in the degradation and recovery of nMOSFETs
exposed to hot-carrier injection.

3 Experimental
The devices under study were long-channel

nMOSFETs with a gate width of W = 10.0 µm,
a gate length of L = 0.5 µm and a gate oxide
thickness of tox = 7.0 nm of SiO2. The measure-
stress-measure (MSM) method was used to in-
vestigate the long-term degradation and recov-
ery of HCD. The Vt of the pre-stress measure-
ment is used as reference for maximum passiva-
tion and as reference for further measurements.

Measurements were performed at wafer level
with a Keithley 4200-SCS and four Keithley
4200-PA Remote PreAmps for the source, drain,
gate and bulk contacts and a PGU on the same
system for the CP measurement. For the Vt-
extraction, the drain bias was kept at Vds =
0.1 V and the gate voltage was swept from
Vgs = −1 V to Vgs = 3 V in steps of 50 mV. Us-
ing the extrapolation in the linear region (ELR)
of the maximum transconductance, gm,max, Vt
was extracted [24]. The subthreshold swing,
SS, is determined between Vgs = 0.0 V and
Vgs = 0.5 V, Id,lin is determined at Vgs = 2 V.

During electrical stress, a constant voltage
stress (CVS) was applied to the device for a
cumulative time of 10 ks, where two electri-
cal measurements were performed per decade of
stress time. The source-drain voltage was kept
at Vds = 4.5 V and the source-gate voltage at
Vgs = 1.9 V, where |Ib| is maximum.

BTI was measured on separate devices under
identical conditions as for HCI, but with source
and drain kept at ground. A delay of 1 s was
used to measure Vt, to investigate the long-term
BTI contribution to ∆Vt under the HCI stress
condition. No significant ∆Vt was measured af-
ter BTI stressing (Vgs = 1.9 V), indicating that
BTI can be neglected for the devices that un-
derwent HCI.

Frequencies from f = 5 kHz to f = 3 MHz
were used to measure Icp, a pulse amplitude of
VA = 1 V, and a base voltage between Vbase =
−2 V to Vbase = 0.5 V with steps of 50 mV. The
geometrical effect may give a small contribution
to Icp and to ensure a relatively similar contribu-
tion, the rise/fall time was kept at tr/f = 10 ns
for all frequencies. Since the main point of in-
terest is the recovery as a function of time and
the contribution due to the geometrical effect is
assumed to be time independent, the contribu-
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tion is neglected in the rest of the paper. Due
to specifics of the wafer lay-out, Icp is measured
via a cable connecting the source and drain con-
tact to minimize noise [25]. Due to the area of
the device, frequencies lower than f = 5 kHz
will introduce too much noise.

The temperature of a device affects Vt. When
an undegraded device is annealed by a ther-
mochuck, it takes time for the device to adopt
the temperature and a time-dependent shift in
Vt can be measured until the device has reached
the temperature. Figure 1 shows the Vt of a
fresh, undegraded device as a function of time
after the moment the thermochuck reaches the
anneal temperature (Ta). The Vt measurements
conducted in the first 300 s after a temperature
change, have an offset by this healing delay ef-
fect. This information is used to correct where
appropriate.

Figure 1: The shift in Vt of a fresh device as a func-
tion of time for several thermochuck temperatures.
The Vt settles after approximately 300 s, indicating
the time needed for the device to adopt the temper-
ature of the thermochuck

The needles are removed from the bond pads
during the temperature increase, to prevent
stress due to thermal expansion and no bias is
applied between the Id/Vgs-measurements. Sub-
jecting an unstressed device to this temperature
profile did not result in measurable change in
Vt, after being cooled down to room temper-
ature, suggesting that no thermal degradation
took place during these anneal steps.

4 Results and Discussion
Figure 2 shows the recovery of Vt of HCD de-

vices as a function of anneal time, corrected for
the healing delay effect of Figure 1. The shift

in Vt is calculated with respect to the first mea-
surement after stress at Ta. The devices stressed
and annealed at the same temperature (squares
and circles) show a small recovery as a function
of time, however increasing the temperature af-
ter stress will increase the recovery rate of Vt.
Temperature dependent decharging of oxide de-
fects (Equation 3) [8] could play role in the re-
covery. To distinguish charge detrapping from
interface state recovery of the HCD devices, CP
measurements have been performed.

When Vt is measured, a small, but repro-
ducible decrease is measured before and after
the CP measurement (∆Vt = 3 mV). The differ-
ence may be explained by charge detrapping by
the applied voltage pulse on the gate during the
CP measurement. A similar difference is found
after each stress time and after the anneal step.

Figure 2: The shift in Vt as a function of anneal
time with respect to the first measured Vt after stress
at Ta. The red triangles were degraded at Ts = 25 ◦C
and annealed at Ta = 85 ◦C, the green circles at
Ts = Ta = 25 ◦C and the blue squares at Ts = Ta =
85 ◦C.

Figure 3 compares the current per pulse cor-
related to the ∆Vt due to degradation for all fre-
quencies. The data suggests that ∆Vt depends
on ∆Nit, but that it is also frequency depen-
dent (lower frequencies may take deeper traps
into account). The slope is 3.8 ·1011 cm−2/V for
f = 10 kHz and 2.8 ·1011 cm−2/V for f =1 MHz
at T = 25 ◦C, suggesting that at lower frequen-
cies a combination of traps (∆Nit and ∆Not) is
measured, in contrast with Equation 2.

Figure 4 shows Icp per pulse as a function of
the frequency, measured after electrical stress
and after annealing (Ta = 85 ◦C). All CP
measurements were done at T = 25 ◦C. Al-
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T = 25 °C

100 s
300 s
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3 ks

10 ks

Figure 3: Progress of ∆Icp per pulse (y-axis) as a
function of ∆Vt (x-axis) during degradation, before
the CP measurement. The time near the data points
indicate the cumulative stress time.

though Icp per pulse increases after stress for
all frequencies, it is more significant between
f = 10 kHz and f = 100 kHz, suggesting that
more and deeper defects are created than only
interface defects. The anneal will decrease the
current per pulse roughly equal for all frequen-
cies, suggesting that mainly fast traps are an-
nealed and can be measured for all frequencies
(presumably Nit). The relative recovery is the
highest at the highest frequencies.

T = 25 °C

ts = 1 ks

ts = 10 ks Anneal

Figure 4: Current per pulse as a function of the
frequency after electrical stress and after annealing.
The arrows indicate how ∆Icp per pulse progresses
after longer cumulative stress times and after an-
nealing.

Figure 5 shows the recovery of Icp per pulse
of a single degraded device at several frequencies
as a function of time at T = 85 ◦C. The recov-

ery shows a log-like behavior for all frequencies.
At a lower frequency deeper traps are also mea-
sured and thus Nit and Not contribute to Icp,
distorting the calculated Nit. Stesmans’ model
only assumes recovery of interface states due to
hydrogen passivation and describes the ratio be-
tween unpassivated and passivated defects, so
an underestimation of the recovery rate is made
if these defects aren’t taken into account.

Ta = 85 °C

Figure 5: Recovery of Icp per pulse as a function
of recovery time at different frequencies. The lines
indicate the fit according to Equation 4.

A better fit of the recovery can be achieved
using the general relaxation equation (Equa-
tion 4), suggesting that relaxation curve for BTI
can also be applied to Icp of HCD devices. The
calculated recovery rate shows a small increase
for higher frequencies when fitted with the least
squares method (Figure 6). This may be ex-
plained by a faster relative recovery of shallower
traps by applying a temperature treatment [26]
as Figure 4 also suggest.

Using Figure 5, the recovery of Nit and Not is
shown separately in Figure 7. At the highest fre-
quency (f = 3 MHz), mainly Nit is measured.
The sum of Nit and Not is measured at lower
frequencies (f = 100 kHz). The difference in
recovery rate with respect to the maximum Icp
between Nit and Not is shown in Figure 8. The
defects attributed to Not recover slower than the
defects attributed to Nit (≈ 7 times slower after
3 · 105 seconds of annealing according to Fig-
ure 8). In HCD recovery experiments, Not is
then readily associated with the permanent part
of Equation 4, whereas the recoverable part con-
cerns the faster traps (Nit).

Figure 9 shows the recovery of ∆Icp per pulse
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Ta = 85 °C

Figure 6: Fitting parameter β of Equation 4 as a
function of the frequency.

Ta = 85 °C

Figure 7: Total Icp per pulse attributed to Nit (f =
3 MHz) and the combination of Nit and Not (f =
100 kHz). The fit is used to calculate Not recovery.

as a function of the anneal time (T = 85 ◦C, f =
100 kHz) with respect to the maximum degra-
dation of devices degraded at different temper-
atures. The red curve is from a device degraded
at tstress = 25 ◦C and the blue curve is of a
device degraded at T = 85 ◦C. In contrast to
Figure 2, the recovery rate is not enhanced by
a temperature step after stress. This indicates
that a temperature step does not enhance the
recovery of interface states, but that it can en-
hance the charge detrapping and so VT recovery.

5 Conclusions

The recovery of hot-carrier degraded nMOS-
FETs by applying a temperature treatment has
been investigated. The recovery rate of the
threshold voltage is observed to depend on the

Ta = 85 °C

Figure 8: Recovery of Icp per pulse attributed to de-
fect recovery of ∆Nit (f = 3 MHz) and the combi-
nation of ∆Nit and ∆Not (f = 100 kHz). The fit is
used to calculate ∆Not recovery.

Ta = 85 °C

Figure 9: Recovery of the current per pulse at f =
100 kHz as a function of anneal time. Red: recovery
of a device, where Ts = 25 ◦C, Ta = 85 ◦C. Blue:
recovery of a device, where Ts = Ta = 85 ◦C.

stress temperature when the same anneal tem-
perature is applied. A temperature increase af-
ter stress will enhance the recovery rate. The re-
covery of the interface defect density at the same
anneal temperature seems to be independent of
the stress temperature, suggesting that some
charge detrapping may play a role in the thresh-
old voltage recovery. High frequency charge
pumping measurements suggest that the recov-
ery can be mainly attributed to interface trap
recovery and to a lesser degree to border trap
recovery.
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