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A comprehensive study of the negative and positive bias temperature instability (NBTI/PBTI) of 3D FinFET devices
with different small channel lengths is presented. It is found while with the channel lengths shrinking from 100 nm to
30 nm, both the NBTI characteristics of p-FinFET and PBTI characteristics of n-FinFET turn better. Moreover, the channel
length dependence on NBTI is more serious than that on PBTI. Through the analysis of the physical mechanism of BTI and
the simulation of 3-D stress in the FinFET device, a physical mechanism of the channel length dependence on NBTI/PBTI
is proposed. Both extra fluorine passivation in the corner of bulk oxide and stronger channel stress in p-FinFETs with
shorter channel length causes less NBTI issue, while the extra nitrogen passivation in the corner of bulk oxide induces less
PBTI degradation as the channel length decreasing for n-FinFETs. The mechanism well matches the experimental result
and provides one helpful guide for the improvement of reliability issues in the advanced FinFET process.

Keywords: bias temperature instability (BTI), channel length, stress, FinFET
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1. Introduction

The introduction of high-k/metal-gate (HKMG) technol-
ogy is greatly helpful for the improvement of the performance
in the scaled metal-oxide-semiconductor field-effect transistor
(MOSFET). However, it takes more serious challenges to the
device’s reliability!! =3 due to the scaling of channel geometry
and the structure evolving of basic transistors. Among these
reliability issues, both negative bias temperature instability
(NBTI) and positive counterpart (PBTI) have become one of
the most critical reliability challenges.['**! In the BTI study,
the investigation and understanding of the channel length scal-
ing are paid more attention.!®”] Regarding the gate length de-
pendence of the device, the strong gate length dependence of
hot carrier injections (HCI)!®“! and light-emitting diodes have
been systematically reported.!'”) However, the previous re-
search on BTI shows weak channel length dependence of BTI
in planar or SOI transistors.!' 12l Recently, one simple rela-
tionship between the channel length and the BTI on 3D Fin-
FETs is demonstrated, but without any physical explanation

[13

presented.!'*! Usually, the physical mechanism of BTI degra-

dation is process-related, such as interface quality!'*! or oxide

defects,!'5-171 diffusion of fluorine!'>! and nitrogen. 318191 1t

changes the device parameters such as threshold voltage, chan-

nel mobility, [20-22]

trans-conductivity, and threshold slope and
generally reduces the driving current of the field-effect tran-

sistor. Some studies attribute the correlations between BTI
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and the channel length to the electric field!!"'®! and mechan-
ical stress.[!423241 However, by now, there is no systematic
study on channel length dependence of BTI for advanced Fin-
FET devices. Therefore, in this work, the BTI characteris-
tics of n-FinFET and p-FinFET with different short channel
lengths (ranging from 30 nm to 100 nm) are extensively inves-
tigated. The experimental results demonstrate that both NBTI
and PBTI of advanced FinFET devices are alleviated with a
shorter channel length. A comprehensive physical explanation
to the dependency based on traditional BTT mechanism and
3D channel stress simulation with Sentaurus tool is also pre-
sented for better understanding the critical characteristics in
advanced FinFET process technologies.

2. Device and experiment

In this work, 3D n-FinFET and p-FinFET devices with a
high-k/metal gate process were fabricated on an 8-inch p-type
Si bulk substrate with a crystal of orientation (100) and a re-
sistivity of 8-12 Q.cm. The fabrication process of the bulk
silicon FinFET is shown in Fig. 1(a). Firstly, the 3D Si fin
channel structure was constructed by the self-aligned spacer
image transfer (SIT) method in the experiment. Then, the ad-
jacent fins were isolated by deposited high aspect ratio process
(HARP) shallow trench insulation (STI) oxides following by
a chemical mechanical polishing (CMP) process and STI re-
cess process. The punch-through stop (PTS) doping process

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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was used to isolate the bottom Si substrate.>>) In the follow-
ing steps, the dummy gate, spacer, source/drain (S/D) doping,
and activation annealing were carried out in sequences.*>! The
dummy gate was removed after the first inter-layer-dielectric
(ILDO) deposition and planarization and then, a multi-layer
HKMG process is performed. The gate films surround the
silicon fin channel on three sides to form a multi-gate struc-
ture. During the process, the layers of TiAIC/TiN for NMOS

and the layers of TiN/TaN/TiN for PMOS were deposited all
by atomic layer deposition (ALD) methods. Finally, the S/D
metal-contact and the metallization process were completed
in next steps. The final structure of 3D bulk silicon FinFET
is shown in Fig. 1, and the TEM images cross the channel
directions of the n-FinFET and the p-FinFET are shown in
Figs. 1(b) and 1(c), respectively.

(a)
l ) ® Spacer image transfer w
Fin ® Fin dry etch
® Top rounding
® HARP fill (Mdf)
® Fin STI ® App planarization TiN
® Wet etch back
e PTSL RO
. 10 nm Si02
® HM/Dummy «a-Si/GOX(Mdf) —
® Gate ® App planarization
® Gate RIE (Mdf)
Spacer ® SIN RIE (Mdf)
SDE ® Shallow titled IMP (Mdf)
HKMG ® Replacement HKMG (Mdf)
cT ® Contact (Mdf)

Fig. 1. (a) Process flow of 3D bulk silicon FinFET. Cross-sectional TEM image and schematic diagram of the gate structure

of (b) n-FinFET and (c) p-FinFET.

The NBTI of p-FinFETs and PBTI of n-FinFETs were
measured at 125 °C by using the conventional measure-stress-
measure (MSM) method.?! Here, the samples were FinFET
with 2 fins, and the designed channel lengths of devices were
ranged from 30 nm to 100 nm. The threshold voltage (V1) was
extracted by the constant current method with a target Iy, of
200 nAxW /L,1?6! where W and L are channel width and chan-
nel length, respectively.

3. Results and discussion
3.1. Basic electrical characteristics

Figure 2 shows the typical electrical characteristics of n-
FinFET and p-FinFET with short channel lengths (30 nm and
100 nm). The I4-V, curve shows good electrical character-
istics, such as initial Vr, subthreshold swing (SS), and large
ratios of I, and Iog (~ 109).

3.2. NBTI and PBTI characteristics of FinFETSs

Figures 3 and 4 show the I4—V; curves of p-FinFET and
n-FinFET under —1/+ 1 V overdrive voltage (V,y) stress at
125 °C with different channel lengths, such as (a) 30 nm,
(b) 60 nm and (c) 100 nm, respectively. In Fig. 3, while the
stress time increases from 1 s to 1000 s, the 14—V, curve shifts
to the left-direction. As shown in our previous work, both

the positive interface trap and oxide trap are the sources of
degradation due to NBTI in p-FinFET with a short channel
length.?”! Similar to that in Fig. 3, the I;-V, curves shifted
to the right-direction with stress time increasing are shown in
Fig. 4, and the negative oxide trap degradation almost domi-

28291 S0, a nega-

nates the source of the degradation for PBTL!
tive oxide trap is critical for the analysis of the dependency of
PBTI in n-FinFET. 33l

All extracted Vp BTI kinetics of p-FinFETs and n-
FinFETs with different channel lengths (30 nm, 40 nm, 60 nm,
and 100 nm) under —1/+ 1 V overdrive voltage stress and
125 °C are shown in Fig. 5. It obviously demonstrates that the
shorter the channel length, the better BTI degradation, which
is totally similar to the previous report./'®! Here, the extracted
data is the arithmetic average degradation of three samples for
each BTI stress.

In order to make a relationship between Vr shift and chan-
nel length, the Vr shifts of p-FinFET and n-FinFET at 1000 s
BTI stress are shown in Fig. 6. The results show that the Vt
shift of p-FinFET at 1000 s NBTTI stress is obviously depen-
dent on channel length, and the slope is almost 0.95 mV/nm.
However, the dependence of Vr shift at 1000 s PBTI stress is
less serious than those of NBTI, especially for that of 40 nm,
60 nm, and 100 nm channel length. As we know, the trap in the
oxide of p-FinFET is much greater than that of n-FinFET.[3!]

017301-2
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Fig. 2. Typical I3—V; curves of n-FinFET and p-FinFET with 30 and 100 nm channel lengths, respectively.
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Fig. 3. The I3V curves of p-FinFET with different channel lengths of (a) 30 nm, (b) 60 nm, and (c) 100 nm under —1 V overdrive NBTI stress at 125 °C.
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Fig. 4. The I4-V; curves of n-FinFET with different channel lengths of (a) 30 nm, (b) 60 nm, and (c) 100 nm under 1 V overdrive PBTI stress at 125 °C.
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Fig. 5. Extracted BTI kinetics of (a) p-FinFET, (b) n-FinFET with different short channel lengths under —1/+ 1 V overdrive voltage BTI at 125 °C.

When the gate voltage remains fixed and the gate length grad-
ually decreases, the current and the amount of charge will in-
crease. That is, the amount of charge trapped by the trap in
p-FinFET is much more than that in n-FinFET, so the NBTI
of the p-FinFET is much more serious than the PBTI caused
by n-FinFET. Therefore, the possible reason why the chan-
nel length dependence on NBTI is more serious than that on
PBTI is the more serious corner trap effect in NBTI than that
in PBTL

160

Il NBTI of p-type FinFET
I PBTI of n-type FinFET
140 F s~ NBTI of p-type FinFET
—A—PBTI of n-type FinFET

120

100

80

60

Vin shift (mV) @1000 s

40

20

30 40 60 100
Channel length (nm)

Fig. 6. Relationships between Vy, shift and channel length for p-FinFET
and n-FinFET at 1000 s NBTI/PBTI stress.

3.3. Physical mechanism analysis
3.3.1. Physical mechanism analysis of channel length
dependence in NBTI

As mentioned in Subsection 3.2, there are both effects of
positive interface trap degradation and hole trapping in oxide
on NBTI of p-FinFET with short channel lengths. At first,
we discuss the influence of hole trapping in oxide on the de-
pendency. Usually, fluorine can passivate oxygen vacancies
with positive charges,!! and the bonds formed by F and Si are
much stronger than those with O.[1%1!] Therefore, F-Si bonds
are not easily dissipated during high-temperature processing
and thus exert a certain influence on the NBTI effect of p-
FinFET. In our previous work, 12! the fluorine diffusion from
the metal gate (ALD W) may passivate the oxygen vacancies
and alleviate the hole trapping in the HfO, high-k layer. As

a result, a physical mechanism is proposed in Fig. 7. There
is more fluorine diffusion in the gate corner, and thus there
is less hole trapping in the oxide of p-FinFET with a shorter
channel length (30 nm), which induces an NBTI degradation
as channel length is reduced. Therefore, the channel length de-
pendence of NBTI is partly due to the corner effect of fluorine
passivation from the ALD W process.

20 nm

Passivation Passivation

O o
O%OO 5%\0

00000 0000000 00

< »
< »

100 nm

30 nm

Fig. 7. The passivation effect of fluorine diffusion in the corner of oxide
is more serious in the p-FinFET device with shorter channel length (the
circles are hole traps in oxide).

On the other hand, we discuss the influence of the inter-
face trap degradation in the NBTI of p-FinFET, in which the
NBTI on channel length dependency is often attributed to the
effect of mechanical stress.?>>#! In this paper, the 3D stress
TCAD simulation of p-FinFET with different channel lengths
is performed and the results are shown in Fig. 8. Figures 8(a)
and 8(b) are 1-D and 3-D stress profiles along the ZZ channel
direction of p-FinFET, respectively. The results show that the
channel stress at a channel length of 30 nm is almost twice
of that of a channel length of 100 nm. As we know, due to
the shrinking of the channel length of the FinFET, the strain
caused by mechanical stress becomes larger. The strain af-
fects the structure of the energy band, increasing the effective

23,24

mass,[?>?*1 which will decrease the mobility of carriers and

017301-4
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the drive current of the device, and ultimately lead to a de-
crease in the V of the device. Therefore, the smaller the chan-
nel length, the larger the mechanical stress, the smaller the Vr,
and the weaker NBTI degradation.

Hence, both the extra fluorine passivation in the corner
of bulk oxide and the greater mechanical channel stress in the
shorter channel induce less NBTI degradation of p-FinFET.

—0.5
& (a)
O _10F
~
9]
El
) —1.5+ 100 nm
= '
&
© —2.0r
9
=
© —25¢1
o
@
2 —3.0L
2
n . 1 ) L |

—100-80 -60-40-20 0 20 40 60 80 100

Channel direction (nm)
.Z/?\\Y
X

Stress-ZZ (Pa)
- 9.000 x 108

—8.333x 107
—1.067 X 10°
| —2.050x10°
~ —3.033x10°
—4.017 X 10°
—5.000 X 10°

(b)

Fig. 8. (a) The 1-D strain cut of p-FinFET with 30 nm, 60 nm, and
100 nm channel length. Along with the channel direction, (b) strain
TCAD simulation of 3D p-FinFET with 30 nm.

Passivation Passivation
O O O g gbof\ O
0000 COO0O0O0O0O0 OO
< 30 nm > < 100 nm >

Fig. 9. The passivation effect of nitrogen diffusion from ALD TiN in
the corner of oxide is more serious in the n-FinFET device with short
channel length (the circles are electron traps in oxide).

3.3.2. Physical mechanism analysis of channel length
dependence in PBTI

As mentioned in Subsection 3.2, the electron trapping in
bulk oxide dominates the PBTI degradation of n-FinFET. Sim-
ilar to the fluorine diffusion in NBTI for p-FinFET, the nitro-
gen diffusion from ALD TiN in metal gate due to precursor
is attributed to the channel length dependence on PBTL. It is
well known that nitrogen is a good passivation atom to nega-
tive oxygen vacancy in HfO,,1318:19-321 5o for transistors with
shorter channel lengths, more percentage of nitrogen passiva-
tion occurrs in the corner of bulk oxide and therefore, less
PBTI degradation achieved. However, nitrogen is a compo-
sition element, so the dependence is not serious like that in
NBTIL

4. Conclusion

The NBTI of p-FinFET and PBTI of n-FinFET with dif-
ferent short channel lengths are systemically investigated. The
results show that with channel length shrinking from 100 nm
to 30 nm, the device with a shorter gate length shows better
BTI reliability. Moreover, the channel length dependence of
NBTI is more serious than that of PBTI of n-FinFET under
the same overdrive gate bias and stress time. Both the corner
effect of fluorine diffusion from ALD W and the strong chan-
nel stress is the source of channel length dependence on NBTI
of p-FinFET. On the other hand, the corner effect of nitrogen
diffusion from ALD TiN is the main reason for the dependence
of channel length on PBTI of n-FinFET. The proposed physi-
cal mechanism is well matching the experimental results and
helps to guide the process optimizations in advanced FinFET
fabrication technology with a short channel length for better
reliability.
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