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Abstract

Negative-bias-temperature instability (NBTI) characteristics of strained p-channel metal-oxide-semiconductor field-effect transistors
(PMOSFETs) under dynamic and AC stressing were investigated in this work. The compressive strain in the channel was deliberately
induced by a plasma-enhanced chemical vapor deposition (PECVD) silicon nitride (SiN) capping layer in this study. It was found that
the capping would degrade the NBTI characteristics, although the degradation is relieved when the stress frequency increases. The aggra-
vated NBTI behaviors are ascribed to the higher amount of hydrogen incorporation during SiN deposition.

© 2006 Published by Elsevier Ltd.

1. Introduction

Recently, mobility enhancement by channel strain engi-
neering has emerged as an effective approach to improve
the performance of scaled devices [1-5]. A method to intro-
duce compressive strain to the channel of PMOSFETs is by
use of a SiN capping layer deposited by plasma-enhanced
CVD (PECVD) [1,2]. Though strained channel could
enhance the mobility and thus the drive current of the
device, potentially it could also compromise the device’s
reliability characteristics. From our previous study [6],
hydrogen species unintentionally incorporated in the thin
stress booster film may also adversely affect the device reli-
ability characteristics. The device reliability issue is there-
fore a potential issue when the local strain is introduced
and should therefore be carefully addressed.

Negative-bias-temperature instability (NBTI) is well
known as one of the lifetime-limiting reliability concerns
in CMOS devices when the gate oxide thickness is scaled
to 3.5 nm and below [7]. Conventionally, characterization
of NBTI is primarily based on static experimental data.
However, for real-life operations of digital circuits, the
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applied bias to the gate of PMOSFETSs in a CMOS inverter
is being switched between “high” and “low” voltages inces-
santly. The dynamic NBTI (DNBTI) effect thus could
greatly prolong the lifetime of PMOSFETS operating in a
practical digital circuit [8]. A physical model has been pre-
viously proposed for DNBTI involving the interaction of
the released hydrogen re-passivating Si dangling bonds
during the passivation time [9]. However, reports on
DNBTI of devices with SiN capping are lacking. In this
work we investigate the issue by performing dynamic and
AC stress measurements on PMOSFETSs with a compres-
sively strained channel.

2. Experimental

The test devices characterized in this study were fabri-
cated on 6-in. n-type Si wafers with conventional local oxida-
tion of silicon (LOCOS) isolation. Gate oxide of 3 nm was
grown in a vertical furnace in O, at 800 °C. After gate oxide
growth, a 150 nm poly-SiGe layer was deposited by LPCVD,
followed by standard plasma gate-etch process to form the
patterned gate. Afterwards, the standard procedures of
forming TEOS spacer and S/D junctions, a SiN layer of
100 nm and a TEOS passivation layers were deposited in
turn by a PECVD system. Fig. 1 shows the cross-sectional
view of the PMOSFETs with and without PE-SiN capping
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Fig. 1. Cross-sectional view of the PMOSFETs (a) without and (b) with PE-SiN capping layer.

layer. The stress induced by the PE-SiN layer was examined
by probing the blanket films deposited on Si monitor wafers
and the stress was measured to be around —95 MPa for
100 nm-thick SiN. Contact holes and metallization pro-
cesses were subsequently performed. Finally, the processing
was completed with a forming gas anneal at 400 °C. Electri-
cal characterizations were measured using an HP4156 sys-
tem. The stress measurements were performed using a
temperature-regulated hot chuck at 125 °C. Setups of mea-
surements are showed in Fig. 2. For dynamic stress measure-
ments (Fig. 2(a)), alternating “‘stress” and “‘passivation”
modes both with a period of 2000 s were performed on the
devices. The source, drain and substrate electrodes were all
connected to ground during the measurement, while the gate
bias was applied with —4 Vand 0 V (or 1 V) in stress and pas-
sivation periods, respectively. We have also performed the
measurements with applied frequencies ranging from
1 kHz to 1 MHz and the amplitude of AC signal was | Vy,| +
4V (ie., from Vg — Viw=-4V to Vg =0YV). Interface
traps were evaluated using charge pumping method with a
fixed amplitude of 1.5V at 1 MHz. It was found that the
measured /cp current showed essentially linear dependence
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on the frequency. Based on the results we conclude that
interface states are mainly responsible for the CP current.

It was widely suspected that hydrogen species presenting
at the oxide/Si interface are one of the culprits in aggravat-
ing NBTI [10,11]. For example, breaking of H-terminated
bonds leads to the generation of interface states. Excessive
hydrogen may come from the deposited thin films, such as
SiN. In this aspect, it is well known that the PE-SiN film
contains a substantial amount of hydrogen [12]. The anom-
alously high hydrogen species incorporated in the film is a
result of using SiH, and NHj as precursors during deposi-
tion. Deposition temperature is also important As has been
pointed out in [12], due to the increase in dissociation rate
of hydrogen from the precursor species when the tempera-
ture increases, SiN layer deposited by the PECVD operated
at 200-400 °C has higher hydrogen contents than that by
low-pressure (LP) CVD operated at 700-900 °C. In Fig. 3
we compare the characterization results of Fourier trans-
form infrared (FTIR) spectrometer performed on SiN films
prepared by PECVD and LPCVD. As can be seen in the
figure, extra signal of S-H bonds are indeed detected in
the PE-SiN and the result is consistent with [12].
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Fig. 2. Measurement setup for (a) dynamic NBTI and (b) AC NBTI stress.
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Fig. 3. Bonding signals of LP- and PE-SiN layers detected by Fourier transform infrared sepectrometer (FTIR). PE-SiN layer depicts an extra signal of

Si—H bond.

3. Dynamic NBTI characteristics

It was shown in our previous work that the deposited
PE-SiN film tends to increase the drive current and the
improvement becomes more significant as the devices
become shorter. This is a reasonable trend since the uniax-
ial strain level increases with decreasing channel length.
Specifically, 29% improvement in drive current could be
reached at a channel length of 0.45 pm [6].

Fig. 4(a) and (b) depicts DNBTI results in devices with
and without SiN capping, respectively. The control (e.g.,
without SiN capping) samples show reasonable trends as
those reported in previous works [13]. Under the same
stress conditions, the devices with SiN capping layer exhibit
larger AVy, and AN;. It is also noted that AN;, shows obvi-
ous saturation behavior in the case of the strained devices,
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Fig. 4. DNBTI characteristics of devices (a) without and (b) with SiN
capping layers. Stress and passivation voltages are Vg — Vy, = —4 V and
Vo=0V (or 1V)at 125 °C, respectively.

as shown in Fig. 4(b), and even in the second and third
stress periods the peak values remain almost unchanged.
Such behavior is not presented in the control samples
(shown in Fig. 4(a)).

Despite the saturation of AN;, AV}, continues to reach
higher peaks during subsequent stressing periods, as shown
in Fig. 4(b) indicating the existence of an unaccounted con-
tributor to the NBTI degradation and recovery processes.
In addition, we can also see that the amount of V, recov-
ery is higher for passivation voltage (Vp) of 1V. This
observation holds true for devices with or without SiN cap-
ping. This observation strongly suggests that the neutral-
ization of trapped holes in the oxide [13], in addition to
the re-passivation of interface states, occurs in the recovery
period for the devices. Although AN; of the strained
devices is independent of Vp, as shown in Fig. 4(b), the
recovery in ANj, still represents the most significant con-
tributor to the Vy, recovery, even at Vp of 1 V. The results
suggest that neutral hydrogen species plays a major role in
the re-passivation of interface states and the recovery pro-
cesses [14].

4. Effect of stress frequency

Next we investigated the effect of AC stress frequency on
these devices. Fig. 5 shows AV, in devices, both with and
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Fig. 5. Threshold voltage shift for devices with and without SiN capping,
measured at four different AC stress frequencies at 125 °C.
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without SiN capping, stressed at four different frequencies,
all with 50% duty cycle. The splits subjected to the static
DC stress are also shown as the reference. From Fig. 5, it
is clearly seen that the interface state creation shows only
weak frequency dependence for the control devices. In ref-
erence to the analysis made in previous reports [13,15], the
observation is reasonable. In contrast, both AV, and AN;
of the strained devices depict strong frequency dependence.
This is further evidenced in Fig. 6, in which the shifts in

350 o bree - - —] 80
post 500 s stress —@— Control (AVy)
300 w —w— SiN 100nm (AVy,) | 60 >
S 250 % —O— Control (AN;) Z
= . ' -
E 200 F —7— SiN 100nm (ANy) 140 ;
% 150 F §°
100 | 13
o o0o——0— 05
50 E oo o 40
0 by pross ' ' '
DC 10° 10* 10° 1o?
Stress Frequency (Hz)

Fig. 6. AV, and AN;, versus stress frequency. In the device with SiN
capping, AVy, and AN; are strongly dependent on frequency. As
frequency increases, AVy, and AN;, significantly decrease.
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Fig. 7. Transconductance in devices with and without SiN-capping, as-
fabricated and after 5000 s DC and AC stress (1 kHz and 1 MHz), both
measured at Vg — Vi, = —4 V and 125 °C NBT stress. (a) Control devices
and (b) SiN capping devices.

AV, and AN; after 500 s stress are plotted as a function
of stress frequency. It can be seen that both AV, and AN;
are strongly dependent on the stress frequency for the
strained devices. Specifically, AVy, decreases from 214 mV
to 94.2mV when the stress frequency increases from
1 kHz to 1 MHz. These observations are explained as fol-
low: the excess hydrogen species coming from the SiN cap-
ping layer would diffuse to the oxide/Si interface during
device fabrication. Breaking of the excess hydrogen-related
bonds during stressing would contribute to the generation
of interface states and leads to a higher exponent value
(designated as “n” in Fig. 5). Nevertheless, the bond break-
ing process needs sufficient stress time to trigger, resulting
in the significant frequency dependence.

Fig. 7 compares the transconductance (GM) of fresh
devices with those subjected to 5000 s of DC or AC stress.
It is obvious that the differences among the DC and AC
stress samples are marginal in the control devices. On the
other hand, despite the significant enhancement in GM in
fresh devices with SiN capping, the degradation under
DC stress is grossly aggravated. In other words, the benefit
of using channel strain is negated under DC NBT stress.
Nevertheless, such restriction is greatly relieved under AC
stress, especially when the frequency is high.

5. Effect of channel length

Fig. 8 shows AV, of the stressed samples versus channel
length after 500 s DC stress or AC stress (1 MHz). In the
figure, it is clearly seen that the use of PE-SiN capping
may result in aggravated NBTI, although the device degra-
dation could be largely reduced at high stress frequency.
Moreover, it is seen that the AV, increases with decreasing
channel length in the SiN-capping devices. This again
implies that diffusion of the excessive hydrogen from the
PE-SiN is mainly responsible for the aggravated NBTI
characteristics.

The charge pumping current of the fresh device with SiN
capping is slightly smaller than that of the control sample,
as shown in Fig. 9. This is ascribed to the fact that hydro-
gen can effectively passivate the dangling bonds at the
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Fig. 8. AV}, versus channel length after 500 s NBTI stress. For a given
channel length, devices with PE-SiN capping show larger AVy,.
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Fig. 9. Charge pumping current of fresh devices with and without PE-SiN
capping. (a) L =0.55 ym and (b) L = 10 um.

Si0,/Si interface, and leads to a lower interface state den-
sity for the as-fabricated devices with SiN-capping, irre-
spective of the channel length scaling. Nevertheless, the
extra hydrogen species also act as the reaction precursors
for the aggravated NBTI observed in devices with SiN-cap-
ping. This is consistent with the higher exponent value for
devices with PE-SiN capping in the above discussion.
Moreover, higher SiN strain energy stored in the channel
may also play a role in the aggravated degradation process,
which may weak Si-N, Si-O and Si-Si bonds near the
SiO,/Si interface, though more efforts are required to fully
understand details about the process.

The above results clearly indicate that the NBTI is
aggravated for devices with SiN-capping. Although the
capping of a SiN layer can enhance drive current in the
fresh device, aggravated NBT stress degrades the after-
stress device performance and almost negates the benefit
gained by SiN capping layer. Based on the above-men-
tioned fact that the deposited PE-SiN layer contains a large
amount of hydrogen species, so the Si—H bonding is easier
to break in the strained devices, and the voluminous hydro-
gen species aggravate NBTI. Hydrogen is believed to be the
main passivating species for Si dangling bonds and plays a
major role during NBTI stress, where Si—-H bonds are de-
passivated, forming interface traps. It is therefore impor-
tant to optimize the amount of hydrogen species while
retaining its compressive stress during the deposition of

SiN layer. This could be accomplished by carefully adjust-
ing the process conditions (e.g., SiH4/N,/NH; gas flow
rate, pressure, RF power) in PECVD systems [2], or resort-
ing to high-density plasma CVD (HDPCVD) systems [12].
The latter approach has been shown to dramatically reduce
the hydrogen content incorporated in the deposited films.
This is essential to preserve the drive current enhancement
while keeping the NBTI reliability characteristics at bay.

6. Conclusions

In this study, PMOSFETs with uniaxial strain in the
channel induced by a compressive SiN-capping layer were
fabricated and evaluated its NBTI characteristics. As a
result, we can see that the SiN capping may aggravate
the NBTI characteristics. The large amount of hydrogen
species contained in the PE-SiN layer is the main culprit
responsible for the worsened reliability. Hydrogen species
is believed to play a major role during NBTT stress. Care
should therefore be exercised to optimize the amount of
hydrogen species to ensure that the NBTI effect is kept at
bay, while simultaneously maintaining the performance
enhancement characteristic of the compressive strain chan-
nel. In addition, recovery of the generated interface states
in the strained device is not sensitive to the passivation
voltage during stressing, indicating that neutral hydrogen
species are mainly responsible for the phenomena. A strong
dependence on the AC stress frequency is observed for the
SiN-capped devices. Our observation reveals an important
message that the aggravated NBTI in the strained devices
could be largely alleviated by high frequency operation.
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