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ABSTRACT Recently, localized thermal annealing has been spotlighted as an effective method to cure
aged devices. The degraded gate oxide can be successfully cured by local annealing, which utilizes Joule
heat inherently generated in the device. But, despite this advantage, there has been no study comparing the
curing effects with various other annealing methods. In this study, the curing effects of local annealing and
a conventional global annealing method applied to SOI FinFETs are compared. The measured electrical
characteristics are discussed to evaluate the damage curing with respect to curing level and variability.

INDEXTERMS Damage curing, degradation, electrothermal annealing (ETA), FinFET, forming gas anneal-
ing (FGA), global annealing, hot-carrier injection (HCI), Joule heat, local annealing, reliability, SOI

FinFET.

I. INTRODUCTION

Controlling gate oxide quality has been one of the most
important challenges to improving device performance, reli-
ability and yield. In particular, process-induced damages
during device fabrication, such as plasma based deposition
and etching, as well as the gate stacking process, can degrade
the gate oxide quality [1]. To mitigate the abovementioned
damages, thermal annealing with the aid of a forming gas
such as hydrogen (H;) or deuterium (D3) diluted with nitro-
gen (N3), which is called wafer-level (global) forming gas
annealing (FGA), has been widely used. During annealing,
the forming gas passivates the trap sites at the interface of
the Si-SiO,, reduces the trap density, and cures pre-existing
damage. Such trap reduction and damage curing depends on
the FGA process conditions, including the gas species (e.g.,
H; or Dj), annealing temperature (7annp) and annealing
time (fANNL)-

Recently, a transistor-level (local) annealing method
known as electrothermal annealing (ETA), has emerged as
an alternative to the conventional global annealing. The
ETA mechanism is based on locally generated Joule heat
induced by current flowing through a FET.

For example, the word-line current in a FET for
flash memory [2], the current via dual-gate pads in a

gate-all-around FET [3], the source-to-body current in a con-
ventional 2-D planar FET [4]-[6] and punchthrough current
in a floating body FET [7]-[8], have been utilized to generate
the Joule heat to cure the gate oxide damage.

Compared to FGA, the speed of the ETA is very fast (less
than ms), and the induced temperature can increase to over
900 °C. Moreover, the local ETA, simply abbreviated as
ETA, has excellent annealing selectivity and can cure a tar-
geted damaged FET which has experienced harsh operational
stress. The curing effects depend on (i) current density as
well as the time of Joule heat generation, (ii) a geometric
structure used as the heatsink, and (iii) the material used to
constitute the FET. The ETA is applicable to various devices,
not just silicon based transistors [2]-[8], but also for thin-
film transistors (TFTs) [9] and even 2-dimensional (2-D)
transistors [10]-[12].

However, even though the ETA has advantages to improve
the device performance and the reliability, there are two con-
cerns. First, a comparison study between the emerging ETA
and conventional thermal annealing with well-controlled
experiments is necessary to understand the curing mech-
anism. For example, in our previous works [7], [13]-[15],
we could not elucidate where the hydrogen comes from, i.e.,
whether it came from the atmosphere or diffused out from

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/

954

VOLUME 7, 2019


https://orcid.org/0000-0003-4830-9739
https://orcid.org/0000-0001-5480-7027

PARK et al.: COMPARATIVE STUDY OF CURING EFFECTS OF LOCAL AND GLOBAL THERMAL ANNEALING ON FinFET

ELECTRON DEVICES SOCIETY

(b)‘ ' ' ' ‘Vn =50mv

Drain Current, |, (A)

20 15 10 05 00 05 1
Gate Voltage, V (V)

0.0 ——
02](©)

20/20/18 samples (d) 20/20/18 samples

250
+ b

B Group I: 222 mV/dec
W Group II: 215 mV/dec
@ Group lll: 217 mV/dec

-0.44

-0.61 + i o

-0.8

@
=}

B Groupl:-0.59 V
-1.04| W Groupll: -0.55V
@ Grouplll: -0.58V

bthreshold Swing, SS (mV/dec)
S
o

Threshold Voltage, V., (V)

A2 — T
Group | for ETA  Group Il for FGA GrouplllforTA% Group | for ETA  Group Il for FGA  Group Il for TA

o
S

FIGURE 1. (a) A schematic of the FinFET. (b) Measured Ip-Vg characteristic
of the pristine FinFET before the application of annealing and the HCI.
(c)-(d) Extracted V1 and SS of the initial FinFETs from each group. The
values in the inset indicates the average Vyy and SS from each group.

the inside of the FETs. Second, the feasibility of ETA as
an annealing method has been reported many times for var-
ious device structures such as gate-all-around (GAA) FET,
FinFET, and planar FET [7]-[8], [13]-[15]. But, a quantita-
tive study for fair comparison has not been done yet. Hence
it is very timely to address the abovementioned concerns.

In this work, for the first time, we fairly compare
the curing effects of ETA, FGA with Hj, and thermal
annealing (TA) without H,, which uses the same condi-
tions but without H,. Prior to comparing the characteristics
of the FinFETs, pristine FinFETs were intentionally aged
by hot-carrier injection (HCI). Then the aforementioned
three annealing methods were applied to the aged FinFETs.
Through this comparative study, the relative curing effects
were quantitatively evaluated.

Il. EXPERIMENTAL DETAILS

Tri-gate FinFETs were fabricated on a p-type (100) SOI
wafer. The thickness of the buried oxide (BOX) was 400 nm,
and the height of the fin (HFiy) was 50 nm. After delineation
of the silicon nanowire (SiINW), 5 nm of SiO, was thermally
grown as a gate oxide, and n* poly-Si was deposited and
patterned as a gate electrode. Finally, the conventional fur-
nace based 1% FGA with H, was applied to all the devices
before evaluating the three annealing methods. Details of the
fabrication process flow, and additional transmission elec-
tron microscope (TEM) images for along the gate as well
as along the channel and gate oxide thickness, have already
been reported in our previous works [7], [16].

The nominal channel width (WEgj,) of the FinFET was
60 nm, the gate length (Lg) was 60 nm, and the gate
spacer width (Wspacer) was 30 nm. Fig. 1(a)-(b) shows the
schematic and measured I-V characteristics of the fabri-
cated FinFET. For fair comparison of the curing effects,
58 FinFETs were used to obtain similar device char-
acteristics, specifically, the threshold voltage (Vtg) and
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TABLE 1. Annealing conditions for curing of the gate oxide damage.

Group I Group 11 Group III
(ETA) (FGA with Hy) | (TA without Hz)
Ve Ground
Vs Ground Floating
Vb (VETA) 42V
IANNL 0.1 ms 30 min
TANNL 23°C 410 °C
Ambient Air H2:N2=1:9 H2:N2=0:10

subthreshold swing (SS), and were categorized into three
groups. The first 20 devices were designated group I for
the ETA, the second 20 devices were group II for the
FGA with Hj, and the remaining 18 devices were group
III for the thermal-only annealing without Hy, as shown in
Fig. 1(c)-(d). The Vty was extracted using the constant cur-
rent method [17] at a low Vp of 50 mV, and the SS was
extracted between the drain current at Vg and that below
two orders. All electrical measurements were performed with
a parameter analyzer (HP 4156C) under air ambient at room
temperature. HCI stress was applied to intentionally create
the gate oxide damage at the condition of Vg = 2 V and
Vp = 4 V for 100 sec. After that, the three abovemen-
tioned annealing methods were applied to each group. All
annealing methods were immediately applied after the HCI
without time delay. The detailed annealing conditions are
summarized in Table 1.

We used the punchthrough current-induced Joule heat for
the ETA [7]. At the optimal voltage (VEgra) range for the
ETA, the current was 83 A, and the calculated power was
0.35 mW. The Vgta of 4.2 V was an approximately optimal
value, as was previously reported in our work [7], and cor-
responded to the range of 400 °C to 500 °C according to
the simulations with the aid of TCAD (not shown). In more
detail, when the Vgra was increased, the device parame-
ters such as Vtg and SS were cured to nearly the initial
state. But, when it was above a critical Vgra of 4.2 V, i.e.,
the induced temperature was too high, the cured Vty and
the SS became even worse than the initial value. Hence,
a Vgra of 4.2 V was used as an optimal value, which max-
imized the curing effects without device degradation. In the
same vein, the optimal VgTa is more closely associated with
the generated temperature than the annealing time during
the ETA. If the temperature is too high, the dopants in the
source and drain are diffused out of the channel, and short-
channel effects were worsened [18]. Additional, unwanted
device degradations were found. This will be discussed later
in the manuscript.

On the other hand, the longer fannL Wwas applied,
the better curing effects to restore Vtg and SS were
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FIGURE 2. Measured Ip — Vg characteristic of the FinFET before and after
the HCI stress.

observed [13], [19]. It should be noted that this work uti-
lized the punchthrough current for Joule heating. Most of the
Ip is not inversion current via the surface, but punchthrough
current through the core of the fin-shaped channel. During
the ETA, the measured fraction of inversion current com-
pared to the total Ip at the VgTa of 4.2 V is approximately
3 %. It is inferred that Vg dependency is negligibly small
because the current for the ETA is dominated by Vp rather
than by Vg. The annealing conditions for Group III, the
furnace equipment and the detailed recipe were the same as
those used for Group II, except without the use of Ho.

1Il. RESULTS AND DISCUSSION
Fig. 2 shows the measured I-V characteristics of the fabri-
cated FinFET after the HCI stress. Fig. 3 shows the extracted
average device parameters of the FinFET after the applied
HCI stress and each corresponding annealing. After the
applied stress, the Vg and the SS increased due to gate
oxide damage. The level of the degradations was nearly
the same for all devices, as shown in Fig. 3(a)-(b). Note
AVra = VraHcr — Vra,inr and ASS = SSucr — SSINIT.
After the stress, the extracted AVt and ASS were in a range
of 0.12 V to 0.14 V and 28 mV/dec to 34 mV/dec, respec-
tively, as shown in Fig. 3(a)-(b). In order to quantify the
trap density (NT), low-frequency noise (LFN) characteris-
tics were analyzed (not shown), as discussed in our previous
paper [15], [20]. After the stress, the 2.83 x 108 cm=3 eV
of Nt was increased up to 9.51 x 10'® cm™3 eV~!, and gate
leakage (Ig) current of 200 fA was increased to 240 fA.
The curing effect for FGA, TA and ETA were in descend-
ing order. The FGA was the best, the TA was the second
and the ETA was the worst, as shown in Fig. 3(a)-(b). The
reason that the FGA exhibited better curing effect is due to
the Hy introduced during the 20d EGA, in addition to the
pre-existing Hp, which was applied in the aforementioned 1%
FGA in the EXPERIMENTAL DETAILS. The reason that
the TA even without H, is inferior to the FGA is that there
was no introduction of new Hj. Regardless of N, ambient,
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the Hp at the grain boundary of the poly-Si gate is dehy-
drogenated and diffuses out above 400 °C [21]. A similar
result was reported by Fishbein ef al. for the dehydrogena-
tion of poly-Si above 500 °C [22]. It is noteworthy that
the temperature for the dehydrogenation can be varied by
device structure as well as dimension, dissimilar fabrication
as well as different constituent material, and different anneal-
ing time as well as temperature. Even though the reported
temperature for each dehydrogenation is not the same, they
are reasonably similar [7], [21]-[22].

Fig. 4 shows the statistical variation in Vty and SS prior to
the HCT stress, after the HCI and after each annealing. Each
curing trend in Fig. 4(a)-(f) is consistent with the average
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values of AVt and ASS in Fig. 3(a)-(b). Fig. 5(a)-(b) show
elapsed time dependent characteristics after each annealing.
The ETA showed large variability compared with the FGA
and the TA, because even though an identical Vgta of 4.2 V
was applied to Group I, there were probing variations during
the measurements.

Note that metallization was not applied to make the metal-
lic probing pads, for process simplicity. In addition, while
the curing effects remained for longer than 100 days after
the FGA and the TA, they remained for only a few days
after the ETA. This suggests that the curing effect was weak
and insufficient compared with the other methods.

The reason that the TA exhibited better curing effect than
the ETA can be explained in two ways. First, it should be
noted that the fannt, was 0.1 ms in the ETA and the fanNL
was 30 min in the FGA and TA, hence the reaction for passi-
vating the traps cannot be sufficiently enabled in such a short
tanNL- The second reason is due to the different amounts of
hydrogen. In the case of the TA, since the wafer enclosing
the FinFETs was entirely annealed under 410 °C ambient,
the amount of hydrogen obtained from grain boundary of
the poly-Si gate is sufficient. However, in the case of ETA,
hot-spots locally exist near the source/drain extension and
the poly-Si gate acts as a heat sink [7]. Hence the amount
of hydrogen for device curing is relatively insufficient. This
fact is supported by the data shown in Fig. 5(c)-(d). When
a longer ranNL of 50 ms was applied for the ETA, the curing
of Vry and SS was enhanced. Hence, prolonged annealing
time is preferred to maximize the curing effects by ETA.

The curing mechanism of ETA can be summarized as fol-
lows. Device curing was initially observed near 210 °C to
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280 °C [7], [13]. The temperature of 230 °C to 260 °C
was consistent with the experimental results reported by
Stesmans [23]. Hence, the curing mechanism is consid-
ered to be related to the passivation of dangling bonds by
hydrogen which exists near the Si/SiO; interface [23]-[24].
However, when an ETA voltage, corresponding to the tem-
perature range of 400 °C to 500 °C is applied, the hydrogen
can be supplied from the gate grain boundary, as men-
tioned above. At the temperature of 400 °C to 500 °C,
the concentration of hydrogen tends be to highly acti-
vated, hence the curing effect is maximized. The voltage
corresponding to this temperature range is optimal for
ETA [7], [13], [20]. However, when a voltage resulting in
a temperature exceeding 600 °C is applied for ETA, sec-
ondary extra damage, which cannot be cured by thermal
annealing, is generated [7], [13], [20]. This reasoning is sup-
ported by Stesmans’s reports that the cured Si-H bonding
at the Si/SiO; interface can be re-broken at higher temper-
ature above 600 °C [25]. In this work, the HCI was used
for the intentional stress and for fair comparison with our
previous work [7]. However, it is also confirmed that dam-
age stemmed from bias-temperature instability (BTI) is also
curable by the ETA (not shown), and this observation is
consistent with the other studies [26]-[29].

IV. CONCLUSION

The curing characteristics of damaged FinFETs were ana-
lyzed and fairly compared for three types of annealing
method: FGA with H,, TA without H, and ETA. Prior
to annealing, a harsh HCI was applied to 58 FinFETs for
intentional device aging. After each annealing, the represen-
tative device parameters were extracted and quantitatively
compared. The ETA showed larger variability and lower sus-
tainability than the other methods. This was caused by the
relatively very short annealing time of 0.1 ms. The curing
effect can be further improved by prolonging the anneal-
ing time from 0.1 ms to 1 s. Moreover, it can be inferred
that incorporating hydrogen gas during the ETA is much
preferred to maximize the curing effect.
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