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A narrowed Sig 7Gey 3 channel fin field-effect transistor (FinFET) device is demonstrated in detail by using an accurate
cyclic wet treatment process. The Sig7Geg 3 fin/per side of 0.63 nm in thickness can be accurately removed in each cycle
by utilizing a self-limited oxidation with 40% HNOj3 solution in 40 s and oxidation removal can be achieved with 1% HF
solution in 10 s. As a result, after the dummy gate removal, the fin width of Sip7Geg 3 can be narrowed from 20 nm to 8 nm
by utilizing 10 cycles of this wet treatment process. Compared with the conventional Sig7Geg 3 FinFET under a similar
process, the narrowed Si 7Geg 3 channel FinFET can realize a strong gate control capability by using this newly developed
wet treatment process, because its subthreshold slope can be reduced by 24%, improving from 87 mV/dec to 64 mV/dec.

Keywords: Sip7Ge 3, FInFET, cyclic wet treatment, self-limited oxidation
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1. Introduction

The demand for integrated circuits (ICs) with higher
speed and lower power consumption has aroused great in-
terest in technologies that provide higher mobility and bet-
ter gate control capability in the channels of metal-oxide—
semiconductor field-effect transistors (MOSFETs).['l The
present mainstream fin field-effect transistor (FinFET) tech-
nology, which was introduced to overcome limitations of
planer technology, is facing serious scaling challenges be-
yond the 5-nm node. > To improve electrostatic integrity, the
adoption of nanowire (NW) or nanosheet (NS) GAA device
structure is expected to be necessary for shorter gate length
in the future node.~7! Although GAA device with compati-
ble processes is a natural extension of FinFET, it still requires
some disruptive technological breakthroughs before mass pro-
duction, such as inner spacer, S/D epitaxial grown, multiple
Vt.[8-10] Meanwhile, SiGe high mobility channel FinFET has
also been proposed as a promising candidate to replace Si Fin-
FET due to its higher hole mobility, better negative bias tem-
perature instability (NBTI) reliability than Si.l''l Moreover,
the scaling of fin width to improve gate controllability and the
increasing of fin height to improve driven capacity have been
critical factors of FinFET devices. Therefore, the scaling of fin
width of SiGe channel with high mobility needs further study,
because there are relatively few relevant studies so far.

In this work, a narrowed Sip7Geq 3 FInFET device with
an excellent subthreshold slope (SS) of 64 mV/dec is demon-
strated by employing a precise cyclic wet treatment process,
which is based on a self-limited oxidation in each cycle. More
importantly, compared with the conventional Sip7Geq 3 Fin-
FET, this narrowed Sip7Geg 3 channel FinFET can realize a
strong gate control capability.
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2. Experiment

The key fabrication steps of narrowed Sip7Geg 3 chan-
nel FinFET are presented in Fig. 1. After a standardized N-
well formation, Sip7Geq 3 film was epitaxially grown on an Si
substrate via a reduced pressure chemical vapor epitaxial de-
position (ASM Epsilon 2000). Then, Si substrate/Sip7Geg 3
fin structure was patterned through the sidewall image trans-
fer method under an optimized HBr/O; based plasma. Sub-
sequently, shallow trench isolation (STI) filling and planariza-
tion were implemented, followed by a low-temperature STI
densification annealing of 850 °C for 30 s. Then, Sig7Geg 3
fin was revealed by using a 1:100 diluted HF solution. After
a conventional Sip7Geg 3 fin was prepared, a low-temperature
Si0; deposition and dummy gate patterning were carried out.
Afterwards, lightly doped drain (LDD) and source/drain (S/D)
implantation with B and BF, dopant were implemented after
spacer 1 and spacer 2 have been fixed. A low-temperature
dopant activation of 850 °C for 30 s was performed to main-
tain the Sip7Geg 3 fin stability. After dummy gate removal, ni-
tric acid (HNOs3) and hydrofluoric acid (HF) were separately
used as oxidant and oxide remover agent to perform cyclic
wet etching treatment on the exposed Sig7Geg3 fin. After
several cycles of self-limited oxidation and removal process
were implemented, the narrowed Sig 7Geg 3 fin with precisely
controlled fin width was achieved. Afterwards, in-situ O3 pas-
sivation combined with Al,O3/HfO, bilayer high-k dielectric
(HK) and TiN-based metal gate (MG) was employed to form
the gate stack by using an atomic-layer-deposition tool. Fi-
nally, the standard Si FinFET processing was adopted to com-
plete the narrowed Sip7Geo 3 FInFET device fabrication.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Fig. 1. Key process of narrowed Sig 7Geg 3 channel FinFET.

3. Results and discussion
3.1. Conventional Siy 7Gey 3 fin preparation

Epitaxially grown quality and fin etching profile of SiGe
film are two key factors for the conventional SiGe fin structure.
Figure 2(a) presents the ®—260 HRXRD scan result of epitaxial
grow of SiGe on Si substrate, showing well-defined interfer-
ence sub-peaks (Kiessig frings) on both sides of SiGe peak,
which are characteristics of high-quality SiGe film. Mean-
while, the fitting result shows that the thickness of SiGe film
is 29.58 nm and the percentage of Ge atoms is 31.83%. Fig-
ure 2(b) shows the result of Sip7Ge 3 fin reveal after HBr/O,
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Fig. 2. (a) HRXRD spectra result on epitaxially grown SiGe. (b) SEM
image of Sip7Gey 3 fin post fin reveal.
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based plasma etching and STI recess. It is found that a com-
pletely vertical and uniform profile of Si substrate/Sip7Geg 3
fin with a width of ~ 20.5 nm is attained.

3.2. Narrowed Sij 7Ge 3 fin preparation

It was reported that SiGe film is completely etched
off by using HF/oxidizer based solutions, such as
HF:HNO3:CH3COOH and HF:H,O,:CH3COOH, to release
the channel of Si GAA device!!%13] However, these mixed
solutions cannot be directly applied to the narrowing of
Sig7Gep 3 fin, because the oxidation of Sip7Geps fin and
its removal occur at the same time, and the width of Sip7Geg 3
fin cannot be precisely controlled.

To precisely control the width of the narrowed Sig 7Geg 3
fin, a novel cyclic wet treatment process is proposed, in which
oxidant for self-limited oxidation and oxide remover agent are
used separately. In our experiment, 40% HNOs3 solution is
selected for self-limited oxidation and 1% HF solution is se-
lected for oxide removal. It is found that the oxidation of
Sip7Gey 3 fin can reach saturation when the immersion time of
HNO:3 is longer than or equal to 40 s, and 0.63-nm Si 7Geg 3
fin/per side can be accurately removed in the following HF
solution when its etching time is larger than 5 s as shown in
Fig. 3(a). Therefore, self-limited oxidation with 40% HNO3
solution for 40 s and this oxidation removal process with 1%
HF solution for 10 s is chosen as the optimal process con-
dition. Based on this cyclic wet treatment of self-limited
oxidation/removal process, the precise control of Sig7Geg 3
fin width can be achieved by controlling the number of cy-
cles. Figure 3(b) shows the SEM result of Sip7Geq 3 fin after
10 cycles of wet treatment post fin reveal. Comparing with
Fig. 2(b), the width of Sip7Gey 3 fin is significantly narrowed
with a high selectivity to Si cap layer. Meanwhile, it can also
be seen that the Sig 7Geg 3 fin height can be well maintained in
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this newly developed process due to the high selectivity to Si
cap.
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Fig. 3. (a) Sip7Geps fin removal thickness/per side in each cycle,
(b) SEM image of Sip 7Geo 3 fin after 10 cycles of wet treatment.

Figure 4 shows the mechanism of precise cyclic wet treat-
ment process of the Sig7Geq 3 fin. The oxidation characteris-
tics of SiGe and Si in HNO3 solution are different. For Si ma-
terial, a stable and very thin SiO, layer can be formed on its
surface. However, SiO, and GeO, are simultaneously formed
on the SiGe surface and the GeO,, will be dissolved in water, so
the oxidation will not stop until sufficient SiOy is formed.!!*13]
Therefore, one cycle of self-limited oxidation is completed be-
fore this oxidation has been completely removed by the HF so-
lution. This signature is consistent with the phenomenon that
oxidation thickness of Siy7Geg 3 fin first increases and then
turns saturated as HNOj3 solution immersion time going by.
Therefore, a narrowed Sip7Geg 3 fin can be precisely achieved
by controlling the number of wet treatment cycles.

Oxidation
by HNO3

b

Oxide removal :

by HF

oy

Fig. 4. Mechanism of precise cyclic wet treatment process of Sig7Geg 3 fin.

3.3. Narrowed Sij 7Geg 3 FInFET device

This newly developed cyclic wet treatment process is suc-
cessfully applied to the preparation of the narrowed Sip7Geg 3
FinFET. Comparing with the conventional Sip;Geps Fin-
FET integration process, the main difference of this narrowed
Sig7Geo 3 FinFET is that this cyclic wet treatment process is
inserted after the removal of dummy gate. More importantly,
the HNO3 solution or HF solution in this cyclic wet treatment
process has sufficient selectivity to Si and other films (such as
SiN spacers). Therefore, this cyclic wet treatment process is
completely compatible with mainstream FinFET technology.

Figure 5 shows the EDS mapping analysis results of this
narrowed Sip7Geg 3 fin under the HK/MG stack at the end of
fabrication process. It is found that the width of Sig7Geg 3
fin is narrowed from 20 nm to 8 nm and the width of Si cap
is almost unchanged. These results further confirm that this
newly developed wet treatment process can accurately con-
trol the width of Sig7Geq 3 fin and has a high selectivity to Si.
Moreover, the multilayer HK/MG is well wrapped around the
narrowed Sip7Geg 3 fin, which may help to achieve an excel-
lent gate controllability of this narrowed Sig7Geg 3 FinFET. In
addition, after cyclic wet treatment, it is also found that the
surface of Sip7Geg 3 fin is slightly concaved, which may have
some influence on the performance of FinFET, such as gate
control capacity. This slightly concaved Sig7Geg 3 fin profile
can be further improved by developing new dry etching in the
future.

Fig. 5. EDX mapping analysis result of narrowed Sip7Gep 3 FinFET
device.

The Ips—Vgs curve of this narrowed Sip7Geg 3 FInFET is
given in Fig. 6. Ipg of 421 pA/pm under Vps = Vgs = —0.8 'V,
Ion/Iorpr ratio of ~ 3 x 10, and SS of 64 mV/dec are obtained.
Comparing with the conventional Sip7Geg 3 FinFET with opti-
mized electrical performance reported earlier,!'%! its SS can be
reduced by 24%, improving from 87 mV/dec to 64 mV/dec.
These mentioned results indicate that a stronger gate control
capability to the Sig 7Geg 3 channel is attained after adopting a
narrowed Sip7Geg 3 fin by utilizing a precise cyclic wet treat-
ment process.
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Fig. 6. Transfer characteristics of narrowed Sip7Geg 3 FInFET.

The key electrical property of the narrowed Sip7Geg 3
FinFET is compared with those of some reported SiGe
FinFET/GAA devices.*!"-23] Figure 7 summarizes the SS-
Ion /Iorr benchmark of the reported SiGe FinFET/GAA de-
vices. The Ion/Iopr ratio of the narrowed Sip7Geos FinFET
is higher than the average value of the comparison groups. Its
SS is the smallest in SiGe FinFETs and comparable to that of
the SiGe GAA device. This result proves that the cyclic wet
treatment after dummy gate removal is a promising technol-
ogy to further improve the gate control of Sip7Geg 3 FinFET.
In addition, this novel wet treatment process can also provide a
potential solution for realizing SiGe fins with different widths
on the same wafer after introducing an additional mask.
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Fig. 7. The SS—Ion/Iorr benchmarks with reported SiGe FinFET/GAA
devices.

4. Conclusions

In this work, a narrowed Sip7Geg 3 FinFET device with
a stronger gate control capability is presented by utilizing a
precise cyclic wet treatment process, which is based on a self-
limited oxidation and removal technology in each cycle. This
cyclic wet treatment after dummy gate removal is a promising
technology to further enhance the gate control of Sig7Geg 3
FinFET.
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