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Negative bias temperature instability (NBTI) has become a serious reliability issue, and the interface traps and oxide
charges play an important role in the degradation process. In this paper, we study the recovery of NBTI systemically
under different conditions in the P-type metal-oxide—semiconductor field effect transistor (PMOSFET), explain the various
recovery phenomena, and find the possible processes of the recovery.
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1. Introduction

Negative bias temperature instability (NBTI) is a cru-
cial reliability issue affecting the P-type metal-oxide—
semiconductor field effect transistor (PMOSFET) with a neg-
ative voltage stress on the gate at high temperature.!!'=>) NBTI
causes an increase of the threshold voltage Vi, and a de-
crease of the drive current /3 with time, and the parame-
ters shift further at higher temperature and under stronger
gate stress. In the conventional NBTI study, the device is
stressed by a constant negative gate bias with its drain and
source grounded.!®® However, the NBTI degradation sub-
stantially recovers after the remove of the stress or under a
smaller gate bias. Therefore, the conventional stress overesti-
mates the degradation and underestimates the lifetime of the
device.[>!%1 More attention has been paid to this problem in
recent years.!!''=13] However, in spite of the intensive stud-
ies on the recovery issue, the physical mechanism is still far
from being fully understood. In this paper, we study the re-
covery of NBTI systemically under different conditions in the
90-nm PMOSFETS, explain the various recovery phenomena,
and find the possible processes of the recovery.

2. Devices and experiments

The PMOSFETs used here are of the surface channel.
They were manufactured by using a 90-nm process technol-
ogy and had lightly doped drain (LDD) structures and shallow
trench isolation (STI) schemes. The devices were 0.1 um in
length, 10 pm in width, and 1.4 nm in oxide thickness. The
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gate oxides of all devices were annealed in N,O atmosphere
after thermal growth. HP 4156B, a high precision semicon-
ductor parameter analyzer, was used to complete the tests.
The devices were stressed under NBTI stress conditions of
Ve = Visuess and Vg = Vi = 0 at elevated temperatures for differ-
ent cycles. The stress was interrupted at regular intervals, and
the device parameters such as threshold voltage Vi, were mea-
sured to monitor the degradation of the device. After the stress
process, the recovery process was studied under different gate
biases at different temperatures.

3. Results and discussion

To study the recovery mechanism, experiments were car-
ried out to obtain the results of different recovery processes
under different gate biases at different temperatures. As the
threshold voltage V4, is one of the most important parameters,
the difference between the initial Vi, indicated by Vi and Vi
(AVyn) was measured at the stress intervals. The Vi, degrada-
tion was studied and its mechanism was analyzed.
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Fig. 1. The applied alternating stress.
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The applied alternating stress is shown in Fig. 1. The neg-
ative bias Vggress = —1.8 V is applied during the degradation
process, and the positive bias Vggiress = +1.8 V is applied dur-
ing the recovery process. In order to study the recovery mech-
anism, the recovery process lasts 2000 s, while the degradation
process lasts 1000 s. Suppose that the last AV, of each neg-
ative bias stress cycle is AVtg. We will plot different recovery
cycles with the values of AVy,/ AVt?1 in the same time scope
under different conditions.

3.1. Recovery of different cycles

In the NBTI degradation process, in addition to the inter-
face trap generation, there are also generated H related species
including H*.!'# The H related species are easily trapped by
the oxide traps during migrating to the gate. Furthermore, dur-
ing the NBTI stress, a large number of inversion holes gather
at the channel surface, and some of them can tunnel into the
gate oxide and be trapped by the oxide traps. Therefore, when
the negative gate stress is instantly removed, in addition to the
H related species, there are also a number of positive charges
in the oxide. The H related species and the positive charges
can play a role in recovering NBTI. Figure 2 is the species
distribution in the gate oxide under the NBTI stress.
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Fig. 2. Relevant species distribution in the gate oxide in the NBTI
degradation process. Here @ represents positive charges trapped in the
oxide, () represents inversion holes.

To study the recovery mechanism, we use a longer recov-
ery time, and the variation of the threshold voltage under the
applied alternating stress is shown in Fig. 3. We study the re-
covery and degradation stages in detail.

The threshold voltage shifts of two recovery cycles are
given in Fig. 4(a). The actual time range of the first recovery
cycle is 1000-3000 s, and that of the second recovery cycle
is 4000-6000 s. The markings are the degradation quantities
of the degradation phases ahead of the two recovery cycles
separately. As shown in Fig. 4, the recovery process can be
divided into three stages: the stage marked by 1 is the first re-
covery stage, results from the detrapping of the oxide charges,

and is the fast recovery stage; the stage marked by 2 is the sec-
ond recovery stage due to the passivation of the interface traps
by the H related species, and is the slow recovery stage; the
stage marked by 3 is the third recovery stage and is the recov-
ery saturation stage. In both the degradation and the recovery
processes, there are H related species entering into the gate.
Therefore, the H related species moving back and passivat-
ing the interface traps are reduced. The final recovery amount
is smaller than the degradation, and the lock-in effect of part
degradation or the recovery saturation stage comes out. !
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Fig. 3. Time variation of threshold voltage under the alternating stress.

It is clear that the threshold voltage degradation after re-
covery of the second cycle is far larger than that of the first cy-
cle. Mark the last points of the degradations as AVlg Through
the normalized processing, we can see that the total threshold
voltage degradation increases after the recovery of the second
cycle, as shown in Fig. 4(b). Similarly, after being normalized,
the recovery of each recovery cycle marked as AVipRrecovery 1S
compared with the final degradation after the previous degra-
dation process in Fig. 4(c), which shows that the recovery of
the second cycle is much smaller than that of the first cycle.

The above results are all about degradation comparison
between different cycles. Actually, the total degradation after
the second cycle minus the final value of the first cycle is the
real degradation during the second cycle. By comparing the
ratio between the recovery after the recovery process and the
real degradation of each cycle marked as AVi_pegradations W€
find that the recovery ratio of the second cycle is larger than
that of the first cycle as shown in Fig. 4(d). Therefore, the rea-
son why the final degradation of the recovery stage increases
with cycle number increasing is not the decrease of recovery
during each cycle, but the accumulation of recovery saturation
during the recovery stage of each cycle.

From Fig. 4, we can clearly see that the final recovery is
almost determined by the fast recovery stage. Namely, the de-
trapping of the gate oxide positive charges is the key. In addi-
tion, figure 4(d) shows that as the number of cycles increases,
the effect of the detrapping of gate oxide positive charges is
more significant.
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Fig. 4. Recovery stages of NBTI: (a) the superposition of threshold voltage shifts of two recovery cycles, (b) the normalized superpo-
sition of the final threshold voltage degradation after recovery relative to that after the previous degradation process, (c) the normalized
superposition of the threshold voltage recovery after the recovery stage relative to the final degradation after the previous degradation
process, (d) the superposition of the threshold voltage recovery after the recovery stage to the real degradation of this cycle ratio.

T The threshold voltage shifts of the two cycles in the NBTI
degradation stress processes are shown in Fig. 5(a). The ac-
tual time range of the first degradation process is 0—-1000 s,
and that of the second degradation process is 30004000 s.
On the whole, the degradation rate of the second process is
far smaller than that of the first process. We consider the sec-

(AVin/Vino) /%

ond degradation stage as an independent process, the threshold

o first degradation style
o second degradation style

voltage shift relative to the end point of the first recovery stage
is shown in Fig. 5(b). It is clear that the time exponent of the

10 100 1000 second stage is the same as that of the first stage, both stages
Degradation time/s meet the same degradation model, i.e., the H-H™ reaction dif-
fusion model.['®!
PI\I’IOS, To=1.4 nm, W/L:I10 um/0.1 pm, "]
T=120 °C, Vytegratation = —1.8 V, Vigeoovary = +1.8 V. | 3.2. Recovery at different temperatures

Figure 6 shows the recovery of the threshold voltage
during the recovery stage at different temperatures. We can
clearly see that the recovery decreases obviously when the
temperature increases from 90 °C to 150 °C. This is because

(A‘/th/‘/th) /%

during the degradation of NBTI, the temperature plays an im-
portant role in the interfacial reaction and the reaction prod-
ucts’ diffusion to the gate oxide. Si—H bond breaking, which

m first degradation style
o second degradation style]
style increasing

L L is a forward electrochemical reaction, is an endothermic pro-
10 100 1000

. cess. The backward reaction, or the passivation reaction of
Degradation time/s

the interface traps, is an exothermic process. The high tem-

perature promotes the forward and the backward reactions to
Fig. 5. Two cycles of NBTI degradation stages: (a) the device threshold

voltage shifts and (b) the normalized threshold voltage shifts. different degrees, dlsequﬂlbrates the forward and the back-
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ward reactions, and relatively limits the passivation reaction
rate. Hence, more H related species are produced with tem-
perature rising. Meanwhile, the energy of the charged particle
increases, which reduces the probability of the charged par-
ticles being trapped by the gate oxide traps. More H related
species can enter into the ploy-Si gate, so the number of posi-
tive charges and that of the H related species which can diffuse
back to the interface to passivate the interface traps become
smaller. It eventually leads to the reduced device recovery at
high temperature. Therefore, high temperature will solidify
the damages of the gate oxide, shown as recovery saturation
or a lock-in effect, which can enhance device damages.
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Fig. 6. Normalized threshold voltage recovery at different temperatures.

We can respectively obtain the recovery of the first and
the second recovery stages from Fig. 6, corresponding to fast
detrapping and passivation of the interface traps. Their rela-
tions to temperature are shown in Fig. 7. In the single loga-
rithmic coordinate, they both show good linear relations with
1/KT and satisfy the equation

Ry = A(recovery)/A® = Cexp(EL/KT), (1)

where R; is the ratio between the normalized recovery
A(recovery) and the initial degradation A®, C is a constant, K
is the Boltzmann constant, T is the absolute temperature, and
E is the relation factor. This equation has the same form as the
Arrhenius equation,“ﬂ but the relation between variable and
independent variable is inverse. Here, the recovery increases
with temperature reducing, or A ~ 1/KT, but the relation in
the Arrhenius equation is A ~ —1/KT. Therefore, the rela-
tion factor also shows the activation made by temperature for
device recovery, named the activation energy. Meanwhile, we
find that the activation energy corresponding to oxide charges
or the fast recovery stage is about 0.145 eV, and that corre-
sponding to interface traps passivation or the slow recovery
stage is about 0.508 eV. It explains that the interface trap pas-
sivation is much more difficult than oxide charge detrapping.
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Fig. 7. Variations of the first and the second recovery stage with tem-
perature.
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Taking both recovery factors into account, we obtain the
final device recovery as shown in Fig. 8. In the single logarith-
mic coordinate, the final recovery still shows an obvious linear
relation with 1/KT and meets the following equation:

Ry = AVip_Recovery/ AV = Cexp(E, /KT), )

where R, is the ratio between the normalized recovery quan-
tity AVih_Recovery and the initial degradation quantity AVtg, and
E{l is between the previous two values, a value of 0.173 eV is
obtained in the experiment. So we obtain the final degradation

AV = AV (1 —Ry) = AVg[l —Cexp(Ey/KT)].  (3)
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Fig. 8. Dependence of total recovery on temperature during the recov-
ery stage.

3.3. Recovery under different recovery stresses

In the recovery process, the recovery of the NBTI effect
differs under different recovery stress. Figure 9 shows the re-
covery of the threshold voltage under different gate biases.
As shown in the figure, the recovery process can be divided
into three stages and the recovery keeps increasing with the
recovery stress varying from O V to 1.8 V. From the experi-
mental results, we can obtain the reason why the recovery is
mainly determined by the different fast recovery in the recov-
ery stage. Higher recovery gate stress will lead to more gate
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oxide charges, which affects the device recovery. Besides, the
high gate voltage can also facilitate the H ions to diffuse back
to the Si/SiO; interface to passivate the interface traps in a
short time. So the larger fast recovery is produced.
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Fig. 9. Normalized Vi, recovery under different recovery gate biases.
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Fig. 10. Variations of recovery during each stage under different recov-
ery gate stresses.

We extract the respective and the total amount of recov-
ery, as shown in Fig. 10. It shows the obvious dependence of
recovery after NBTI stress on the gate bias. All three kinds of
recovery present good linear relations with the recovery gate
bias. The total recovery meets the following equation:

R= AVth—Recovery / AVtg =A eXP(BVgrecovery)a “4)

where R is the ratio between normalized recovery AVin—Recovery
and the initial degradation AVtO, A is constant, and B is the
relation factor. The factor corresponding to oxide charge de-
trapping or the fast recovery stage is approximately 0.322, and

that corresponding to the interface trap passivation or the slow
recovery stage is approximately 0.054. It shows that the first
recovery stage is more seriously affected by the recovery gate
stress than the second recovery stage, because the first stage
is principally caused by gate oxide positive charge detrapping.
In the single logarithmic coordinate, the relation between the
final recovery and the recovery gate stress is linear, and the
relation factor is about 0.298. Hence, we obtain

AV = AVt(})l(l —R) = AVtﬁ[l — Aexp(BVgrecovery)]-  (5)

4. Conclusion

By the analyses of recovery under different conditions,
we find that gate oxide charge detrapping plays an important
role in the device recovery. The device recovery is incomplete,
and finally, recovery saturation occurs. The final degradation
is closely related to the recovery stress and temperature. High
positive recovery gate stress and low temperature are benefi-
cial to the recovery of the NBTI effect.
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