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A strategy of reducing the power consumption to cure gate dielectric damage by electrothermal annealing (ETA)
is proposed. A tri-gate FInFET was fabricated to demonstrate the damage curing by the ETA. Localized Joule heat
induced by high current flowing through dual gate electrodes successfully annealed the damaged gate dielectric.
Furthermore, a design methodology to save power consumption during the ETA was explored. Electrical mea-
surements and simulations were performed considering scaling-down and material engineering points of view.
This work contributes to improving the reliability of the FinFET by developing the ETA approach with reduced

1. Introduction

The tri-gate FinFET has been widely used in logic circuits because of
its enhanced gate-to-channel controllability and immunity against
short-channel effects (SCEs) [1]. However, during iterative device op-
eration, aging of the gate dielectric by hot-carrier injection (HCI) or
Fowler-Nordheim (FN) stress is inevitable. Typically, the gate dielectric
damage causes reliability issues such as degradation of subthreshold
slope (SS), a shift in threshold voltage (V1), and decrement of the ON-
state current (Ioy) [2].

To cure the abovementioned gate dielectric damage, wafer scale
annealing, such as forming gas annealing (FGA) and deuterium (D,)
annealing under hydrogen and deuterium gas ambient has been widely
used [3,4]. However, such approaches require long curing times and
bulky as well as expensive equipment, such as a furnace. Most im-
portantly, the conventional wafer scale annealing cannot be applied to
a packaged chip because it can lead to the melting and decomposition
of the metal interconnections.

To overcome these limitations of conventional annealing, an elec-
trothermal annealing (ETA) method has been suggested which uses
Joule heat generated by the high current flowing in the device itself to
cure the damaged gate dielectric [5]. Compared to conventional FGA or
D, annealing, the ETA has a faster annealing speed (< 1s), lower
thermal budget, and excellent annealing selectivity.

However, despite these advantages, the ETA can be a concern in
terms of power consumption because the fundamental mechanism of
the process involves high current density through the conducting ma-
terials. For instance, in prior studies, 12mW was used to cure the
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damaged gate dielectrics of flash memory and 3.2 mW was consumed to
repair radiation damage [5,6]. From an energy efficiency point of view,
the ETA power consumption should be reduced, however, few such
attempt have been made.

In this work, we demonstrate a strategy of low power consumption
ETA to anneal the damaged dielectric of a tri-gate FinFET, fabricated on
a silicon-on-oxide (SOI) substrate. The results are characterized by
electrical measurements. In addition, a supportive simulation study was
performed with the aid of a 3-dimensional thermal simulator
(COMSOL) to investigate the effect of design parameters such as device
dimension and structural material, to construct a FET which further
reduces the power consumption needed for the ETA [7]. First, the effect
of representative geometric device dimensions such as gate length (Lg),
fin width (Wg,), oxide thickness (tox), buried oxide thickness (tgox),
and substrate thickness (ts,») were analyzed. Second, the reduction in
power consumption based on the underlying substrate material and
gate material was examined.

2. Experimental details
2.1. Device fabrication

A tri-gate FinFET was fabricated on a p-type (100) SOI wafer,
which contains a buried oxide (BOX) with a thickness of 400 nm. The
nominal height (Hg;,) and width (Wg,) of the silicon fin were 50 nm
and 94 nm, respectively. The length of the sidewall spacer (Lgpacer) Was
25nm and gate length (Lg) was 80 nm. A thermal oxide (SiO,) layer of
5nm was grown as the gate oxide and 100nm of n* poly-Si was
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Fig. 1. (a) Schematic of the fabricated tri-gate FinFET on SOI substrate. (b) SEM image of the fabricated device.
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Fig. 2. (a) Simulated heat distribution profile in the poly-Si gate during the ETA. (b) Extracted temperature in Fig. 2(a) versus power consumption (P) during the ETA.

deposited as the gate electrode. A hard mask (SiO,) of 30 nm was de-
posited on the poly-Si. Then, dual gate pads (Gate 1 for Vg, and Gate 2
for Vg,) with a dog bone shape, as shown in Fig. 2(a), were patterned to
apply bias for the ETA. The detailed process flow was previously re-
ported in [8]. Fig. 1 shows a schematic and a scanning electron mi-
croscope (SEM) image of the fabricated SOI tri-gate FinFET.

2.2. Electrical measurements

Electrical measurements of the initial state, damaged state, and
repaired state were carried out with a semiconductor parameter ana-
lyzer (HP 4156C) under air ambient. HCI stress was intentionally ap-
plied to the fabricated device to provoke gate oxide damage. After that,
the voltages for the ETA were applied to the dual gate pads with a pulse
time (zpuse) of 100 ms. During the ETA process, the source voltage (Vs)
and the drain voltage (Vp) were floated. The detailed bias conditions for
the HCI and ETA are summarized in Table 1. It should be noted that an
identical magnitude of voltage with the opposite sign was applied to
each gate pad to prevent unwanted gate oxide breakdown during the
ETA. For example, the voltage of gate 1 (Vg;) was the same as gate 2
(Vgo) with a minus sign, i.e., Vg1 = — Vgo.

Table 1
Biasing conditions for the hci and repair.
Hot-carrier injection (HCI) Repair

Ve 6V +3V
Vo Floating -3V
Vs GND Floating
Vp 6V Floating
tpulse 1000s 100 ms

2.3. Device simulation

To estimate temperature in a nanoscale domain, a simulation study
is necessary because the high temperature of the localized heat cannot
be directly measured by equipment such as an infrared (IR) thermal
detector, scanning thermal microscope (SthM), or thermal reflectance
microscope (TRM) [9-11]. The IR thermal detector has a resolution of
only a few micro-meters, which is not suitable for a small sized FinFET.
Although SThM and TRM have much greater resolution, only relative
heat distribution can be observed, and high temperature above 300 °C
cannot be measured due to the limitations of the calibration method.

However, by employing the heat transfer module of the COMSOL
simulator, we were able to obtain the temperature distribution profile
when applying the measured current (Ig; —g2) through G1 and G2. As a
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Fig. 3. (a) Iy — Vg characteristics of the fabricated tri-gate FinFET for the fresh,
hot-carrier degraded state, and repaired state. (b) Transconductance (g,,) of the
fresh, hot-carrier degraded, and repaired state. (c) I — Vp, characteristics of the
fresh, hot-carrier degraded, and repaired state.

reference, the simulated temperature was previously verified by ob-
serving the dopant activation characteristics of poly-Si under high
temperature [12]. In the simulation, the thermal conductivity () of Si,
heavily doped poly-Si, SiO,, HfO, and Ge were set to 150, 31.2, 1.25,
1.1 and 60 W/mK [13-15].

3. Results and discussion

Fig. 2(a) shows the heat distribution profile of the FinFET obtained
from the simulation. The heat generated between the dual gate pads is
localized at the center of the gate, that is, where the channel is located
in a cross-bar structure, and this heat can be used to cure gate oxide
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Table 2
Electrothermal annealing effects on the soi tri-gate finfet.

Incremental/decremental percentage of the changed device parameter
compared with the initial state

Hot-carrier injection Repair
8&m (LA/V) —21% —8%
SS (mV/dec) —35% +2%
Ion (LA) —-11% —5%

damage. Fig. 2(b) indicates the extracted temperature (T) at the gate
dielectric, which is linearly proportional to the power consumption (P).
The P is simply calculated by multiplying the voltage across the dual
gate pads times measured current through the gate (P = (Vg; — Vig2)
Ig1 —G2). The simulation result revealed that the appropriate range of P
for the ETA is between 2.5 mW and 4.5 mW, because poly-Si breakdown
can occur at a higher temperature [12].

Fig. 3 shows the measured electrical characteristics of the FinFET.
At P = 4.5 mW, which is the proper value from Fig. 2(b), the degraded
device is successfully repaired and nearly returns to the initial state.
Duration time of the ETA bias is 100 ms and the total energy con-
sumption is 0.45mJ. Extracted device parameters such as transcon-
ductance (g,), subthreshold swing (SS) and ON-state current (Ioy) are
summarized in Table 2. The mechanism of the damage curing is that
pre-existing H* present in the gate oxide is diffused toward the inter-
face and passivates the trap sites at high temperature by Joule heat. It
should be noted that the degradation of Ioy due to the thermal oxida-
tion was not found [16]. This is because the channel and the gate oxide
were completely surrounded by n* poly-Si gate and gate spacers.
Moreover, the ETA time of 100ms is very short to grow unwanted
additional gate oxide.

After electrical measurements, the design methodology was in-
vestigated by changing various geometric design parameters, including
Lg, Wgin, tox, tsox, and tsy, in order to reduce the ETA power con-
sumption. Fig. 4(a)—(c) shows the extracted temperature of the gate
dielectric for various Lg, Wgin, tox, teox, and tsup. As the gate length (Lg)
becomes shorter and the fin width (Wg;,) becomes narrower, the T is
increased under the fixed P condition, as shown in Fig. 4(a). This is
because heat dissipation into the atmosphere and substrate is reduced
as Lg and/or Wy, decreases. In addition, as the oxide thickness (tox) is
reduced, the T becomes hotter. However, the level of temperature in-
crease induced by the downscaled tox is negligible compared with that
induced by the other downscaled design parameters in Fig. 4(a). These
results indicate that as the device is miniaturized, the power con-
sumption of the ETA can also be reduced. Fig. 4(c) shows the extracted
T according to the thickness of the BOX (tzox) and silicon substrate
(tsup) at the fixed P. As the tgox becomes thicker, the T becomes hotter
due to the increased thermal isolation of the BOX layer. In contrast to
tsox, tsub does not significantly affect the temperature because the
thermal conductivity of Si is sufficiently high to dissipate the Joule heat
during the ETA. As devices become more integrated, ts,;, decreases, due
to the development of chip assembly technology such as through-silicon
via (TSV) or wafer level packaging. However, the simulation confirmed
that high power efficiency can be obtained regardless of the reduction
in tgy,. As a result, the important design parameters for reducing the P
of the ETA are Lg, Wk, and tgox. The P can be scaled by 35% by re-
ducing Lg, Wgin, and tox in half, as shown in Fig. 4(d). These results
indicate the proposed ETA is still a promising technology for future
processes such as device down-scaling from the front-end process point
of view and wafer back-grinding from the back-end process point of
view.

In Fig. 5, the level of heat dissipation via the substrate is simulated
for representative substrates used for mass production: SiO, for SOI
(x = 1.25W/mK), Ge for strained technology (x = 60 W/mK), and
bulk-Si (x = 130 W/mK). For a fair simulation, all of the geometric
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Fig. 4. (a) Extracted temperature versus Lg and Wy, at P = 4.5mW. (b) Extracted temperature versus tox. (c) Extracted temperature versus tgox and tg,, at
P = 4.5mW. P can be reduced by increasing the BOX thickness. (d) Extracted temperature versus P before scaling (Lg = 80 nm, Wg;, = 90 nm, tox = 5nm) and after
scaling (Lg = 40 nm, Wg;, = 45nm, tox = 2.5nm). P can be reduced by scaling down the device.

design parameters and power consumption were fixed. As the thermal
conductivity («) of the substrate is lowered, the heat generated from the
gate electrode becomes less likely to dissipate into the substrate. Hence,
the T rises as « is decreased, as shown in Fig. 5(a). Consequently, a SOI
device is advantageous in terms of the ETA as well as its traditionally
reported advantages against short-channel effects (SCEs) with the aid of
gate-to-channel controllability. In other words, a small magnitude of
underneath the channel is preferred in order to reduce the power
consumption in the ETA. Even though the SOI technology is not com-
monly used for mass production by industries, the proposed metho-
dology is still applicable to a bulk-substrate device with device down-
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sizing.

In order to improve mobility, strained technology, primarily using
Ge as a stressor, has been widely used. Knowing whether the ETA power
consumption can be reduced or not can be a concern in strained tech-
nology. For this reason, the temperature distribution, which depends on
the ratio of Ge contents in Si;_,Ge,, was simulated, as shown in
Fig. 5(b). The physical constants for Si; —yGey such as electrical con-
ductivity and thermal conductivity were adopted from the published
book [17]. Unlike the improvement in mobility, the thermal con-
ductivity of Si; _,Ge, decreased and saturated as the Ge ratio was in-
creased. This characteristic is caused by the alloy disorder scattering of
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Fig. 5. (a) Induced temperature versus thermal conductivity of the substrate. A lower P can be obtained on the substrate which has lower thermal conductivity. (b)
Induced temperature versus Ge portion in the Si; _,Ge, substrate. The device on the Si; _,Ge, substrate has a lower P than on the Si substrate.
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phonons due to the large mass difference between Si and Ge [18]. Thus,
the decreased thermal conductivity of the Si; _,Ge, substrate reduces
thermal dissipation during the ETA, which favorably results in in-
creased temperature at the same power consumption.

A high-k metal gate (HKMG) structure composed of a high-k gate
dielectric and metal gate is widely used in logic devices to increase gate
capacitance. Typically, a metal gate requires a smaller repair voltage
(Vg1 — Vgo) for the ETA than a poly-Si gate owing to the high electrical
conductivity of the metal gate [19]. However, a study of the power
consumption during the ETA has not been carried out in detail. Fig. 6
shows the extracted temperature with various gate materials according
to the power consumption. For the simulations, HfO, (x = 1.1 W/mK)
was used as the high-k gate dielectric. TaN (x = 3.4W/mK), Ti
(k =21.9W/mK), W (x = 174 W/mK), and Al (x = 237 W/m K) were
used for the metal gate. The results indicate that the larger P is required
for the W gate and Al gate compared to the poly-Si gate, while the
smaller P is needed for TaN gate and Ti gate. The reason is that the gate
with a high « suffers more from heat loss due to convection cooling than
the gate with a low «. Hence, to reduce the power consumption during
the ETA, it is inferred that the low-x gate material is preferred.

4. Conclusion

A tri-gate FinFET was fabricated and its oxide damage was cured
nearly to the pristine state by the ETA. The power consumption of the
ETA process was reduced by scaling-down the device dimensions. A
50% reduction in Lg, Wgin, and tox reduced the ETA power consumption
down to 35%. Thus, the reduction of power consumption is scalable.
From a material standpoint, the low thermal conductivity of the sub-
strate and the gate material was advantageous to reducing the power
consumption of the ETA. The proposed strategy to reduce the ETA
power consumption could be very useful with advanced fabrication
technology such as down-scaling, thinned back-grinding of a wafer
prior to packaging, and new material based engineering including
strained technology and high-k metal gate process.
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