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ABSTRACT In this article, we present an experimental study on the impact of post-metallization annealing
conditions on the negative-bias temperature instability (NBTI) of Si p-channel fin field-effect transistors
(p-FinFETs) with atomic layer deposition tungsten (ALD W) as the gate-filling metal. The effects of
annealing conditions on the tensile stress of the W film, impurity element concentration in the gate
stack, fresh interface quality, threshold voltage shift (�VT ), pre-existing traps (�NHT), generated traps,
and their relative contributions were studied. The time exponents of �VT , the impacts of stress bias
and temperature on NBTI degradation, and the recovery kinetics of the generated traps were analyzed.
For devices with a B2H6-based W-filling metal, a 34% reduction in the fresh interface states, reduced
�VT , and a 29% improvement in the operation overdrive voltage could be achieved by optimizing the
annealing conditions. The NBTI is alleviated mainly because of the reduction in the generated traps,
while the energy distribution of �NHT is insensitive to the annealing conditions. Furthermore, the relative
contribution of the generated bulk insulator traps to the total number of generated traps could be reduced
by optimizing the annealing conditions.

INDEX TERMS Reliability, negative-bias temperature instability (NBTI), Si p-FinFETs, post-metallization
annealing, ALD W gate-filling metal, trap generation.

I. INTRODUCTION
In the replacement metal gate (RMG) fin field-effect tran-
sistor (FinFET) technology, atomic layer deposition (ALD)
tungsten (W) has been widely implemented as a gate-filling
metal owing to its excellent step coverage and conformity to
the deposited thin film [1]–[3]. In particular, the WF6-based
ALD process with reducing agents B2H6 or SiH4 [4]–[8]
has been systematically investigated in terms of the gap fill-
ing capability, fluorine concentration in the W film, impact

on the channel stress, and electrical characteristics of the
capacitors and transistors [6], [8]. Despite the promising
initial performance, more attention should be paid on relia-
bility issues. The influence of ALD W gate-filling metal on
the negative-bias temperature instability (NBTI) of RMG Si
FinFETs originates from two aspects: tensile strain and resid-
ual fluoride in the W film [9]. The compressive strain along
the gate length direction of the channel induced by the gate-
filling metal with an inherent tension [2] causes a reduction
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TABLE 1. Process parameters for gate stack.

in the interface trap generation owing to the lower forward
reaction rate constant [10], [11]. The diffusion of F from the
W film into the gate stack passivates the Si dangling bonds
and forms strong Si–F bonds at the interfaces, which in turn
suppresses trap generation under NBTI stress [9]. Further
improvement in device reliability can be expected by inde-
pendently modulating the tensile strain in the W film and the
F concentration in the gate stack by process optimization.
Considering that both F diffusion and bonding are thermally
activated processes [12], optimization of post-metallization
annealing could serve as an efficient and convenient way to
increase the F concentration at the interfaces. Therefore, it is
necessary to investigate the impact of annealing conditions
on the tensile strain in the W film and NBTI of Si FinFETs
with ALD W gate-filling metal.
In this work, the tensile stress of the ALD W films and

the F concentration at the interfaces under different anneal-
ing conditions were measured and compared. Annealing-
optimized p-FinFETs were fabricated under the optimized
annealing condition. The NBTI degradation, key parameters,
and lifetimes of baseline and annealing-optimized devices
are compared, and the underlying physical mechanism is
discussed.

II. DEVICE AND EXPERIMENTAL
RMG Si p-FinFETs were fabricated using a full-gate-
last process. Fig. 1a shows the major steps of the gate
stack process: (1) Dummy poly-Si/SiO2 gate stack removal;
(2) Growth of the interfacial layer (IL) of SiO2 via chemi-
cal oxidation of the ozone; (3) ALD deposition of HfO2 as
a high-k layer; (4) Deposition of a multilayer work function
metal stack, i.e., ALD TiN/ALD TaN/CVD TiN; (5) ALD
deposition of a 1000-Å-thick B2H6-based W film as the
gate-filling metal.
The detailed process parameters for the gate stack are

summarized in Table 1. During the post-metallization anneal-
ing process, all the samples were annealed at 400 ◦C for
30 min using 90% N2 + 10% H2 forming gas (FG). A part
of the samples underwent additional forming gas anneal-
ing (FGA) at 450 ◦C for 60 min, while the rest were taken
as baseline (BL) samples.
To investigate the impacts of annealing conditions on the

stress of the W film and impurity element concentration
in the gate stack, we additionally prepared some test sam-
ples without patterning, by growing on blanket wafers; these

FIGURE 1. (a) Gate process flow of baseline (BL) and forming gas
annealing (FGA)-optimized p-FinFETs fabricated on patterned wafers.
(b) Gate process flow of test samples with different ALD W processes and
annealing conditions fabricated on blanket wafers. (c) TEM image of the
gate structure of the baseline p-FinFET with B2H6-based W film as the
gate-filling metal. The thicknesses of the gate dielectric layers on the top
wall are specified in the box.

test samples contained the same gate stack structures as the
FinFETs and were prepared using the same gate process, the
details of which are shown in Fig. 1b. Both B2H6-based W
and SiH4-based W were used. For each ALD W process,
three different FGA conditions were applied for comparison.
The TEM image in Fig. 1c shows the gate structure of the
baseline p-FinFET with B2H6-based W; the thicknesses of
the gate stacked layers are shown in Fig. 1c.
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The test samples prepared on the blanket wafers were used
for secondary ion mass spectroscopy (SIMS) measurements
and film stress measurements. The tensile stress in the ALD
W films was evaluated using a Toho FLX–2320–S film stress
measurement system.
Electrical characterization was performed on patterned

wafers using a Keysight B1500A semiconductor analyzer.
The tested devices with a channel length of 500 nm
and 4800 fins were used for the charge pumping (CP)
measurement and direct-current current voltage (DCIV) mea-
surements, whereas devices with a channel length of 500 nm
and 32 fins were used for measuring the time kinetics
of the threshold voltage shift (�VT ) and for multi-level
discharging-based multi-pulse energy profiling (Multi-DMP)
measurement [13], [14].
The fresh interface quality was evaluated using the CP

method [15], [16], and the trap generation under constant-
voltage stress was measured using the DCIV method [17].
The threshold voltage was extracted using the constant-
current method, and the target IDLIN was 100 nA × W/L. The
�VT time kinetics were characterized under a constant field
stress [18] to eliminate the field reduction effect on param-
eter extraction [19], with a measurement delay of ∼10 µs.
Multi-DMP characterization was used to extract the energy
distribution of the pre-existing traps (�NHT). A measure-
ment delay of 10 µs was used for the pulsed IV sweep in
the Multi-DMP test.

III. RESULTS AND DISCUSSION
A. IMPACTS OF ANNEALING CONDITION ON METAL
STRAIN AND INTERFACE QUALITY
Fig. 2 shows the measured tensile stresses in the B2H6- and
SiH4-based W films under different annealing conditions. In
terms of the baseline process, compared with SiH4-based
ALD W, which has a polycrystalline phase, B2H6-based
ALD W exhibits an amorphous phase and thus shows a lower
tensile stress [8]. For the SiH4-based W film, the additional
annealing process results in stress relaxation [20], and the
tensile stress decreases with increasing annealing tempera-
ture and time (e.g., 46% loss of tensile stress under the 450
◦C/60 min annealing condition). In contrast, the tensile stress
in the B2H6-based W film is independent of the annealing
conditions. The above results indicate that, compared with
SiH4-based W, optimization of the annealing process is more
suitable for B2H6-based W because it can help adjust the
impurity element concentration in the gate stack without
compromising the tensile stress of the W film.
The influence of the annealing conditions on the distribu-

tion of the impurity elements in the gate stack was studied
via SIMS measurements, as shown in Fig. 3. During the
ALD process, TiN and TiCl4 reacted with NH3 to generate
TiN and HCl, while WF6 reacted with B2H6/SiH4 to gen-
erate W and other F-containing byproducts during the ALD
W process. Therefore, both F and Cl could be introduced
into the gate stack. Post-metallization annealing facilitated
the residual F in the W film and residual Cl in the TiN film

FIGURE 2. Measured stress of W films under different annealing
conditions for B2H6- and SiH4-based ALD W.

FIGURE 3. SIMS profiles of O, H, Cl and F in gate stacks for B2H6-based
ALD W. Samples were fabricated using baseline process and different
extra annealing conditions.

to diffuse into the gate stacks and provide the necessary
activation energy to passivate the Si dangling bonds at the
interfaces. Consequently, the annealing condition is vital for
adjusting the H, Cl, and F concentrations at the interfaces and
improving the interface quality. Fig. 4 shows the measured
concentrations of H, Cl, and F at the interfaces. The addi-
tional annealing process reduces the H concentrations at the
interfaces, and this reduction is independent of the annealing
temperature and time. The Cl concentrations at the interfaces
decreased after the additional annealing process and contin-
ued to decrease with increasing annealing temperature and
time. On the contrary, the F concentrations at the interfaces
show a significant increase after the additional annealing
process with annealing temperature and time. Si–F bonds
are stronger and more difficult to break under stress than
Si–H and Si–Cl bonds [21]–[23]; thus, we chose an addi-
tional FGA process at 450 ◦C for 60 min as our optimized
annealing condition for fabricating the annealing-optimized
p-FinFETs, as shown in Fig. 1a.
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FIGURE 4. Measured concentrations of (a) H, (b) Cl, and (c) F at IL/Si and
HK/IL interfaces from the SIMS results shown in Fig. 3 and plotted as
a function of the annealing conditions.

FIGURE 5. (a) Charging pumping current comparison between p-FinFETs
fabricated using baseline process and optimized-annealing process.
(b) Icpmax as a function of In[(tr×tf)

1/2] for baseline device and
annealing-optimized device; the extracted mean DIT is shown.

FIGURE 6. Extracted EOT values for baseline (BL) devices and forming gas
annealing (FGA)-optimized devices.

Charge pumping measurements were conducted to evalu-
ate the fresh interface states in the baseline and annealing-
optimized devices, as depicted in Fig. 5. Notably, a 34%
reduction in the mean DIT can be achieved by optimizing
the annealing conditions. Based on the SIMS results, this
improvement in the interface quality can be attributed to an
increase in the F concentration at the interfaces.

B. NBTI DEGRADATION
Fig. 6 plots the box charts of the equivalent oxide thick-
ness (EOT) values. The mean EOT difference for the baseline
and annealing optimized devices is within 0.3 Å. Such
a small EOT difference makes the reliability comparison

FIGURE 7. �VT time kinetics at different VOV and T under constant field
stress for baseline devices and annealing-optimized devices. The extracted
EA and power-law FAE are shown in Fig. 9.

between different annealing conditions straightforward, and
we will compare NBTI degradation under the same VOV .

Fig. 7 plots the measured �VT time kinetics under a con-
stant field stress; the stress bias was increased with �VT
during stress to ensure a fixed VOV . Compared with the base-
line devices, the annealing-optimized devices exhibit lower
NBTI degradation. To further study the physical mechanism
behind this annealing condition dependence of NBTI, the
key NBTI parameters are extracted and analyzed.
Fig. 8 shows the extracted long-term time exponents (n) of

�VT under different stress conditions. Notably, n of the
baseline device is much higher than that of the annealing-
optimized device. Based on the BAT framework [11],
[24], the total degradation �VT consists of three uncor-
related subcomponents: hole trapping in the pre-existing
traps (�VHT), generated interface traps (�V IT), and gener-
ated bulk insulator traps (�VOT). The �VHT subcomponent
represents the inherent process-induced gate insulator traps
and typically saturates within 10 s, exhibiting n ∼ 0 at
long stress times [11], [24]. The �V IT subcomponent has
a power law dependence on the time, and the long-term n
is ∼1/6, which is confirmed by the calculated results of the
double-interface reaction-diffusion (R-D) model as well as
the DCIV experimental results [25]. The reported n of the
�VOT subcomponent is in the range of ∼1/3–1/4 [11]. Thus,
the observed higher value of n for the baseline device mainly
results from the higher relative contribution of the generated
traps whose time exponents are much higher than that of
�VHT. Moreover, the extracted n shows an increasing trend
(from 0.12 to 0.27) with VOV and T, indicating an increasing
contribution from �VOT.
Figs. 9a and 9b respectively show the stress bias and

temperature dependences of �VT , including the extracted
Arrhenius activation energy (EA) and power-law field accel-
eration exponent (FAE). The baseline devices show higher
values of FAE and EA than the annealing-optimized devices.
The generated traps are typically reported to exhibit stronger
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FIGURE 8. Extracted long-term power-law time exponents of �VT as
a function of (a) VOV at 125 ◦C and (b) T at VOV = −0.65 V.

FIGURE 9. Fixed-time �VT plotted as a function of (a) VOV at 125 ◦C
and (b) T at VOV = −0.65 V for baseline devices and annealing-optimized
devices.

stress bias and temperature dependences than the pre-existing
traps [10], [11], [25]. Therefore, the higher values of FAE
and EA for the baseline devices could be attributed to the
higher relative contribution of the generated traps, consis-
tent with the findings of the time exponent discussed in the
previous part.

C. TRAP ANALYSIS
The Multi-DMP technique was used to extract �VHT and
its corresponding trap density, �NHT. Fig. 10a shows the
VG waveform of Multi-DMP test. First, a heavily stressed
device was used and discharged under a high positive voltage
(Vg,dischend) to de-trap the holes in the pre-existing and gen-
erated traps; when the discharging process was completed,
VT was measured and used as the reference VT (VT0) of
the Multi-DMP test. The device was then charged at a low
voltage (Vg,ch1) and subsequently discharged at different dis-
charging voltages (Vg,disch). VT was measured at the end of
each discharging process to extract �VT , and the overdrive
voltage VOV was calculated as VOV = Vg,disch −VT . Finally,
this charging–discharging process was repeated at multiple
higher Vg,ch values; the extracted �VT −VOV curves at dif-
ferent Vg,ch values are shown in Fig. 10b. The procedure
for separating the �VHT − VOV curve from the �VT − VOV
curves is also illustrated in Fig. 10b. �VHT is converted
to �NHT using the equation of the charge-sheet model,
�NHT = (COX ∗ �VHT)/q, where COX is the oxide capac-
itance, and q is the electronic charge. The VOV − Ef − Ev
relationship can be obtained by fitting the measured C–V

FIGURE 10. (a) VG waveform for multi-DMP test used in this study.
(b) Extraction procedure of �VHT − −VOV curve: the lowest black curve is
measured on a fresh device when Vg,ch =∼ VT0. The other �VT –VOV
curves are measured on a heavily stressed device. Using the black curve as
the base, data for next higher Vg,ch are shifted down to align these two
curves at the end of the lower one. This shifting procedure is carried out
until the highest Vg,ch = −1.6 V is reached. The obtained �VHT–VOV curve
is indicated by a thick green line.

FIGURE 11. Comparison of the energy distribution of �NHT between
baseline devices and annealing-optimized devices. ET is the energy level
of the traps.

results to the C–V simulations, where Ef corresponds to the
detected trap energy level ET .

Fig. 11 shows the extracted energy profile of �NHT. We
previously [14] reported that the �NHT energy distribution
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FIGURE 12. Ratio of generated traps to �VT at (a) fixed T and different
VOV and (b) fixed VOV and different T.

FIGURE 13. Fixed-time generated traps plotted as a function of (a) VOV at
125 ◦C and (b) T at VOV = −0.65 V for baseline devices and
annealing-optimized devices.

FIGURE 14. (a) Measured �IDCIV_EOS and �VGPEAK_EOS , where
�IDCIV_EOS is the generation of the DCIV peak current at the end of the
stress, and �VGPEAK_EOS is the shift in the DCIV peak voltage at the end of
the stress. (b) Measured recovery fraction for the baseline devices and
annealing-optimized devices; the recovery fraction is calculated by
�IDCIV_REC/�IDCIV_EOS , where �IDCIV_REC is the measured degradation
with a recovery time of tREC .

is independent of the stress conditions, indicating its as-
grown nature. In this work, it is noteworthy that the �NHT
energy distribution was found to be insensitive to the anneal-
ing conditions. The generated traps can be calculated by
subtracting �VHT from �VT . Fig. 12 shows the relative con-
tribution of the generated traps at different VOV and T, where
the baseline devices exhibit a higher relative contribution of
the generated traps than the annealing-optimized devices, as
expected.
Fig. 13 compares the VOV and T dependences of the gen-

erated traps. Based on the SIMS and charge pumping results
discussed above, compared with the baseline devices, �V IT
of the annealing-optimized devices is expected to exhibit
higher values of FAE and EA because of the large number
of strong Si–F bonds formed at the interfaces. However, our

FIGURE 15. Comparison of extrapolated lifetimes between baseline
devices and annealing-optimized devices.

results show that the baseline devices have higher values
of FAE and EA of the generated traps than the annealing-
optimized devices. Considering that �VOT has stronger
stress bias and temperature dependences than �V IT [10],
one possible explanation is that the �VOT subcomponent
is suppressed and its relative contribution to the gener-
ated traps decreases by annealing optimization. To provide
experimental evidence for this hypothesis, DCIV charac-
terization was performed to measure the generated traps
during and after the NBTI stress. The devices were stressed
under 5 ks of DC stress and subsequently recovered at 0 V
for 5 ks to record the recovery kinetics. Fig. 14a shows
the measured �IDCIV and �VGPEAK at the end of the
stress; notably, the annealing-optimized devices have lower
�IDCIV_EOS and �VGPEAK_EOS than the baseline devices,
indicating that the trap generation is suppressed by annealing
optimization. Moreover, Fig. 14b shows that the annealing-
optimized devices have a lower recovery fraction than the
baseline devices, which can be attributed to the different
recovery features of the generated interface traps (�NIT)
and bulk insulator traps (�NOT). The passivation of �NOT is
much slower than that of �NIT, and �NOT is typically mod-
eled as a quasi-permanent subcomponent [25], [26], whereas
the recovery of �NIT is modeled by the R-D model [11].
The ratio of the quasi-permanent �NOT to the recover-
able �NIT decreases with annealing optimization, resulting
in a lower recovery fraction for the annealing-optimized
devices.

D. LIFETIME COMPARISON
Fig. 15 shows the extrapolated NBTI lifetimes at 125 ◦C for
the baseline devices and annealing-optimized devices. The
lifetime criterion was set to 50 mV, and the correspond-
ing operation overdrive voltage VOV_OP was determined.
Notably, VOV_OP is improved by 29% by optimizing the
annealing conditions, mainly attributed to the reduction in
the number of generated traps.
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IV. CONCLUSION
In this study, we experimentally investigated the impact of
post-metallization annealing conditions on the NBTI of Si
p-FinFETs with ALD W-filling metal. In terms of the ten-
sile stress of the W film, unlike the SiH4-based W, the
stress in B2H6-based W was found to be independent of
the annealing condition, indicating that optimization of the
annealing process is more applicable for B2H6-based devices
than for SiH4-based devices. For devices with B2H6-based
W, a 34% reduction in the fresh interface states can be
achieved by optimizing the annealing conditions, attributed to
the increase in F concentration at the interfaces. NBTI degra-
dation decreased, and VOVOP could be improved by 29% by
choosing an appropriate annealing condition, resulting from
the reduction in the number of generated traps. The energy
profile of �NHT was insensitive to the annealing conditions,
leading to a lower relative contribution of the generated traps
to NBTI degradation in annealing-optimized devices com-
pared to baseline devices. Moreover, the relative contribution
from the bulk trap generation to the total generated traps
could be reduced by optimizing the annealing conditions.
These results indicate that optimization of the annealing
process is a convenient and efficient method to alleviate
the NBTI of p-FinFETs with a B2H6-based W gate-filling
metal.
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