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Abstract

We present in this paper a low thermal budget process for self-connecting horizontal silicon-germanium
nanowires. The guided nanowires on amorphous oxide layer have been elaborated by a chemical vapor
deposition (CVD), using vapor-liquid-solid (VLS) mechanism, via a gold catalyst. We have optimized
the growth parameters on reference samples with pre-patterned electrodes on SiO»/Si substrate. To
control and eliminate the random growth of horizontal NWs, we have developed a technological process
to guide these nanowires in nanotrenches created in the oxide to locate gold catalysts and confine planar
growth. The silicon germanium nanowire (SiGe NW) connected the predefined electrodes showed an

electrical behavior of an intrinsic SiGe NW.

I. Introduction

Three-dimensional (3D) integration is a promising complementary approach of the
conventional planar technologies. It allows leveraging interconnect delay latency, increases
overall performance and energy efficiency and decreases the footprint of an Integrated Circuit
(IC) [1]. Today, 3D ICs in which active devices are vertically stacked upon each other, have
shown significant power gains for different applications like memory-on-logic [2]. This 3D
technology relies on vertical interconnects between circuit layers known as Through Silicon
Vias (TSVs). Different strategies are adopted in the 3D-ICs integration: chip level [3] and wafer
level [4]. The monolithic 3D integration [5][6] is another lower-cost 3D approach, that offers

the possibility to elaborate new circuit layers sequentially over the previously fabricated layers,



and on the same substrate. A major processing difficulty of this attractive technological
approach is that the fabrication process in the upper layers circuitry must be below 550 °C [6]
in order to preserve the performances of the devices in the front-end of the line (FEOL).
Recently, self-assembled horizontal semiconductor nanowires, prepared by bottom-up
techniques has spurred a new interest in the fabrication of nano-devices. This bottom-up
technique provides cost-effective nanowires compared to the top-down technique [7], with
respect to the thermal budget for 3D integration processes. It allows for an extremely reduced
nanowires dimension and a wide choice of materials and compositions for integration with

planar devices.

Currently, there are mainly two general strategies to address the challenging alignment and to
fabricate self-assembled horizontal NW based FETs: an indirect post-growth assembly or a
direct assembly. Post-growth assembly in liquid, such as dielectrophoresis is an indirect
approach that was used in order to create arrays out of randomly dispersed nanowires [8]. This
strategy requires specific fabrication processes to create a contact pad and metal wires, for
applying non-uniform AC signals. Connecting NWs with a precise alignment over a large area
is considered as the main obstacle for post-growth assembly. Recent studies have shown a well
ordered and precise NWs directly assembled during their CVD-VLS growth [9][10]. Device
fabrication using planar NW growth without any crystalline seed is still facing difficulties [11],

therefore direct growth between pre-defined electrodes could be an effective alternative [12].

We propose in this work a low thermal budget process to electrically connect self-assembled
horizontal silicon-germanium nanowires (SiGe NWs). We first present the horizontal growth
parameter optimization at a low temperature between predefined electrodes, on a SiO2/Si
substrate. Afterward, we propose a technological process to control and eliminate the random
growth of horizontal NWs. Finally, we present this guided growth according to different
parameters including the wet etching, and the width of the trenches. We show the first electrical

results of a connected nanowire between metal electrodes.

II. Experiment and methodology:

A preliminary study on a SiO2/Si substrate with two predefined metallic electrodes has been
established to optimize the growth parameters of the horizontal SiGe NW. The NWs growth

have been conducted into a Chemical Vapor Deposition (CVD) furnace, using patterned
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electrodes of gold seed layer covered with 120 nm titanium which is used as a protected layer
(see Figure 1). A 90 sccm of silane and 45 scem of germane (~10% in Hz) gas precursors were
used as a source of silicon and germanium respectively, 40 sccm of HCI as reactive gases [13],

and H: as a carrier gas.

- VLS growth

Figure 1: Schematic illustration of a direct growth SiGe NW between two predefined deposited and patterned

electrodes.

For temperature below 400°C, no growth has been detected, while SiGe NWs horizontal growth
was observed over the range of 400-450°C. It was determined that a 40 min NW growth at
450°C with a pressure of 4.5 Torr produces a 2.5-4.5 pm nanowire length to connect the
electrodes as shown in figure 2. This study also shows the importance of a well-guided growth
to fabricate NW based FET since neither number nor connectivity control has been obtained.
We note that the nanowires growth has taken place between the pre-defined electrodes, with

nucleation on the pad trenches (gold layer).

Ti electrodes
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Figure 2: SEM image of SiGe NWs grown by Vapor-Liquid-Solid mechanism between two pre-defined
electrodes on an oxide plane surface.



Based on the optimized growth parameters, a damascene process was developed on 150 nm
thick silicon dioxide thermally grown on a silicon substrate. The damascene process with
nanotrenches in which the NWs will be guided is detailed in Figure 3. This process combines
photolithography, dry/wet etching, electron beam lithography, and chemical-mechanical
planarization techniques. The damascene method proposed in this work benefited from the
previous development related to the fabrication of single electron transistors [ 13], and top-down

ultra-thin nanowires [14].

First dummies structures and contact electrodes are patterned in the dielectric using
photolithography [step (a) of figure 3]. Then these structures are etched using an ICP reactive
ion etching [15] to create 100 nm deep microtrenches [step b of figure 3]. The dummies are
essential for planarization uniformity [16]. A Titanium film (5 nm) and gold film (50 nm) were
deposited inside the trenches using e-beam evaporation [step ¢ of figure 3], followed by a lift-
off [step d of figure 3].

Another 150 nm titanium film deposited by sputtering over the entire sample, in a way to fill
the trenches on the top of the gold catalyst [step e of figure 3]. This titanium layer has to be
thicker than the deepest trenches of the sample, to enhance CMP quality, and ensure uniformity
of the planarization [17]. The CMP is used to eliminate all excess titanium material above the
original oxide surface, and to planarize trenches down to the SiO, surface [step f of figure 3].
These CMP experiments have been carried out on 10x10 mm? Si samples. A commercial slurry
with 50 nm silica nanoparticles diluted in isopropyl alcohol (IPA) in 1:1 volume ratio was
chosen. The selectivity studies on both materials have been used to control planarization at a
nanometer scale [18]. Finally, 100 nm deep perpendicular nanotrenches were patterned using
an e-beam lithography (EBL) on a ZEP resist [step g of figure 3], followed by an ICP plasma
etching in the oxide layer [step h of figure 3]. The fabricated nanotrenches are 2 pm long, while

the width varies from 70 nm to 1um, depending on the EBL patterns.

Figure 4 depicts a SEM top view image of a 100 nm deep nanotrenches in the dielectric layer,
after the final etching step at the end of the pre-described process. The darker lines represent 2

pum wide predefined titanium electrodes, while the brighter color reflects the oxide material.
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Figure 3: The damascene process for guided horizontal nanowire growth. The left side of each part of the figure
is the cross section along the AA” axis. a) A UV lithography is realized to pattern the titanium electrodes over the
oxide layer grown on a silicon substrate. b) 100 nm trenches are formed into the oxide layer. ¢) A 50nm gold film
is deposited on the surface using e-beam evaporation and d) then removed from the surface by a lift-off technique.
e) A 180nm titanium film is deposited by sputtering over the entire device area and f) then planarized with CMP
down to the SiO2 surface with the Au/Ti metal stack is embedded in the oxide layer. g) E-beam lithography is used
to pattern different sizes of nanotrenches into the oxide. h) A second 100 nm oxide etching step is made to create
nanotrenches between the electrodes.

Figure 4: SEM image of the oxide nanotrenches created between titanium electrodes. The bright color represents
the oxide while the dark color depicts the titanium.

A morphological FIB-STEM characterization has been conducted on the nanotrenches. This
observation revealed a remaining oxide layer on the sidewalls of the microstructures, as shown

in figure 5. This oxide on the edge of the gold seed acts as a barrier and prevents any NW
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growth. It is due to the combination of two factors: i) the plasma etching of the micro-trenches
where the sidewalls are not vertical (90°) and i) the plasma etching of the nano-trenches where

the remaining Ti acts as a non-intended hard-mask that leads to a non-vertical etching.

Figure 5: FIB-STEM images revealing the remaining silicon oxide layer the Au catalyst at the end of the UV
trench sidewalls after the final etching step of the nanotrenches.

To eliminate the remaining SiO layer on the nanotrenches sidewall, an extra wet etching step
is added to the process before removing the resist. This etching must be isotropic and very
selective in the thin films of both Ti and resist. For that different wet etching solutions have
been evaluated: hydrofluoric acid HF (10%) based-solution a commercial solution known as
“Pad-etch” [19]. Table 1 shows the etching rates of HF (10%) and “Pad-etch” solutions versus
deposited titanium and e-beam resist films. While HF is the preferred solution to wet etch the

SiOz, its etch rate versus Ti and resist is too fast to allow a good control on thin films.

Titanium E-beam resist
HF 10% > 900 nm/min > 800 nm/min
Pad etch <2 nm/min <1 nm/min

Table 1: Etch rate comparison on titanium and e-beam resist films between HF (10 %) and Pad-etch based
etchant solutions.

Figure 6 shows etched Ti and SiO> thicknesses versus time for HF and Pad-etch solutions. The
Pad-etch [20] solution has similar etch rates as HF, however its selectivity versus Ti is far better.

HF solution etches Ti almost as fast as S102 under certain conditions.

The surfactant used in the Pad-etch [20] allows to obtain low etch rates on titanium because it

acts as a corrosion inhibitor. After a certain amount of time (between 30 and 40 s on Fig. 6),
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the preferential adsorption of the corrosion inhibitor on the TiO2 is decreased due to the etching
/ removal of the TiO2 layer and thus appearance of the Ti surface. The Ti is then etched rapidly

in the pad etch solution.

The “pad-etch” solution has been used on the samples after nanotrenches plasma etching
process and before resist removal. A final acetone/IPA cleaning removes all the remaining resist
film before loading the samples into the CVD machine. A 40 min VLS growth is carried out at

450° C with a pressure of 4.5 Torr immediately after the cleaning to avoid further oxidation.
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Figure 6: Average oxide and titanium removal thickness as a function of the time, for different etchant solutions.

III. Results and Discussion

Figure 7 depicts nanowire growth in different nanotrenches cavities dimensions with the
optimized fabrication process described above. The width of these cavities varies between 500
nm (figure 7-A), 200 nm (figure 7-B), and 100 nm (figure 7-C). The NW growth took place in
different trenches regardless of their widths. Among 10 samples tested with 100 different
nanotrenches each, the yield of the nanowires growing inside the cavities is about 5 to 10 %.

This limited yield is attributed to a poor control of the pad-etch process. The presence of many
empty trenches is probably due to the wet etching time used. Indeed, this time is not long enough
to eliminate the entire oxide layer on most of the trenches. Nevertheless, and on other

nanotrenches, this time was enough to remove the oxide and expose the catalyst. Figure 7-C is



an example that shows a non-homogeneity in growing NWs inside the trenches. This reflects
the optimization needed to have a better control of the wet etching process mainly by controlling
the etching and over etching time to completely remove the SiO2 on the sidewalls. Further

optimization of the nanowire nucleation is also needed.

Several nanowires could nucleate from a rectangular gold region. The trench width impacts the
growth following the initial nucleation. The transport limitations influence local precursor
pressures and thus induce kinking. The contact between the sidewall trenches and the liquid
catalyst play an important role to maintain a straight nanowire inside the cavity, thus to connect
the electrodes. Indeed, different physical effects such as surface chemistry and roughness,
adhesion, temperature, and pressure can affect the frictional forces that exist between the
sidewalls and the liquid catalyst [21]. If a guided assembly is to be achieved, efficient nucleation

will also be required.

Our fabrication scheme allowed a preliminary demonstration for the elaboration of different
single nanowires, where only one nanowire connected a pair of electrodes to fabricate S/D
contacts. Optimization of the plasma and the wet etching processes is ongoing to increase the

yield of NWs growth, and get a deeper understanding of the guided NW growth to control it.

Figure 7: Nanowire growth in several nanotrenches cavities dimensions a): 500 nm width, b): 200 nm width, c)
100 nm width.

The electrical properties of the final SiGe NW device (figure 8-a) are extracted as a function of
source-drain biases using a semiconductor parameter analyzer (Keithley4200), at room
temperature. [-V characteristics are measured for an individual intrinsic SiGe NW which is
located between titanium electrodes, as shown in figure (8-b). The current-voltage curve reveals
a typical Schottky behavior. However, the overall resistance differs according to the sign of the
applied drain voltage, thus revealing an electrical dissymmetry of the source and drain contacts

(Figure 8-c). This phenomenon can be referred to a non-uniform cover of the titanium electrode



that connects the nanowire. An additional silicidation process is considered as a solution to

reduce the contact resistance between the nanowire and the metal, and thus enhance the

electrical properties [22].
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Figure 8: SEM micrographs of a) the contact pad area (in square) for electrical measurement and b) SEM image

of a SiGe NW grown by VLS inside a nanotrenche (100 nm width) between two titanium/gold pre-defined

electrodes. ¢) Output characteristics of the connected intrinsic SiGe NW with voltage varying from -1 to 1 V.
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IV. Conclusion

In conclusion, a preliminary demonstration of planar SiGe NWs grown via a bottom-up
(VLS) technique over a dielectric surface has been demonstrated. This process can be
implemented in the back end of the line since all fabrication steps respect the thermal
budget. It may offer a direct contact between the SiGe NWs and metallic source/drain
electrodes without any additional treatments for aligning. Connected NWs between
predefined electrodes can be exploited as channels to fabricate nanowire-based devices in

the BEOL for further device development.
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