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Abstract

A Hot Wire assisted Chemical Vapor Deposition (HW-CVD) process has been
developed for producing high-density arrays of parallel, straight and organized silicon
nano-wires (SiNWSs) inside vertical Porous Anodic Alumina (PAA) templates, exploring
temperatures ranging from 430°C to 600°C, and pressures varying between 2.5 and 7.5
mbar. In order to prevent parasitic amorphous silicon (a-Si) deposit and to promote the
crystalline SINWs growth, we used a tungsten hot wire to partially crack H; into atomic
hydrogen, which acts like a selective etchant regarding a-Si. Here we describe the
optimization route we followed to limit the deposit of a-Si onto the surface of the porous
membrane and on the walls of the pores, which led to the possibility to grow SiNWs inside
the PAA membranes. Such approach has high potentialities for devices realization, like

PIN junctions, FETSs or electrodes for Li-ion batteries.
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1. Introduction



Over the past years, an intense research activity has been devoted to the elaboration
of 1D nanostructures, among which the silicon nanowires (SiNWs) are of high interest for
developing future advanced electronic devices [1,2,3] or for integration in already-existing
devices, because of their low cost and the wide-spread use of silicon in the
microelectronics industry.

Most often, SiNWSs synthesis is carried out by CVD methods based on the Vapor-
Liquid-Solid (VLS) growth mechanism, first proposed by Wagner and Ellis in 1964 [4].
Such method, theoretically allows calibrating the length of the wires by varying the growth
duration whilst the nanowire diameter can be controlled by the size of the catalyst droplet
[5]. However some prerequisites are mandatory, such as obtaining a very narrow
distribution of the size of the catalyst droplets (and maintaining it at the growth
temperature) in order to get a good length/diameter uniformity of the grown NWs. A
reliable and easy way to solve these problems is the use of templates to confine the growth
of the nanostructures. In 1995, Masuda et al. developed a new process to obtain a very
well-ordered porous structure, based on the anodization of an aluminium thin film [6].
Since then, such structure, usually called Porous Anodic Alumina (PAA) membrane, has
been widely used in the field of nanowires/nanotubes growth because of its easily-
controllable features, and the high aspect ratio of the pores [7,8,9,10,11]. Despite this
progress, SiINWs growth still lacks a good control and understanding of the mechanisms
that rule their formation [5,12,13,14], especially in such a very particular case where a
confined growth occurs. This paper describes our work about SiNWs growth inside PAA

templates using a HWCVD method.

2. Experimental section



The PAA membranes were prepared by anodic oxidation of 1.2 pm-thick
aluminium layers on (100) silicon substrates. To provide a well-ordered PAA membrane,
we performed a two-step anodization process as previously described [6]. The anodization
process was carried out at 20V applied voltage with the sample as the anode and a graphite
electrode as the cathode, in 0.3M sulfuric acid solutions cooled at 5°C. After the first
anodization (about 3 min), the synthesized membrane was removed with a mixture of CrO3
and H3PO,, and the remaining aluminium layer was subsequently fully oxidized, yielding a
1.2um-thick well-ordered porous alumina membrane with no pure Al left on the sample.
The incorporation of oxygen ions and impurities (mainly coming from the acidic
anodization solution) inside the Al layer leads to a volume expansion, i.e. a larger
thickness of the final alumina layer than the initial aluminium layer. This is why the final
PAA thickness reaches 1.2um, even after removing the first-step anodization layer. We
then used a 0.3M H3PO, solution at 30°C for 15 min in order to remove the possible
residual alumina barrier layer at the bottom of some pores. After this process, the diameter
of the pores is about 30 £ 5 nm, with a mean inter-pore distance of about 17 £ 5 nm.

The bottom of the pores of the as-prepared PAA membranes were seeded with
copper catalyst nanoparticles (required for the SiNWs subsequent growth) by pulsed
electrodeposition process using 1M solution of CuSO., 5H,0 (125 g.L™) diluted in HsBO;
(= 0.73M, 22.5 g.L'Y). Electrodeposition of the catalyst was carried out with 5 ms pulses at
-8.5V DC, for cations reduction at the bottom of the pores, each pulse being separated by a
90 ms rest time. This led to a partially-filled membrane (we estimated that more than 50%
of the pores received a particle) with copper particles having a maximum length of 250 nm
(insets of Fig 5a) and a diameter corresponding to the diameter of the pore.

SiNWs synthesis was carried out in a homemade Hot-Wire assisted CVD system at

temperatures ranging from 430°C to 600°C, controlled by heating elements located outside



the quartz tube. The 0.5 mm diameter tungsten hot wire (ten-turn home-made spring) was
powered from OW to maximum 205W, corresponding to an approximate 1980°C
temperature (optical pyrometer). Efficient H, decomposition is achieved by forcing its
passage through the hot wire confined within a surrounding tantalum thermal screen placed
on the internal wall of the furnace. The provided atomic hydrogen acts as an efficient
etchant to remove undesired a-Si deposit on the surface or on the walls of the pores of the
PAA membrane. Silane (SiH,), diluted in hydrogen was used as precursor gas for total
pressures ranging from 2.5 to 7.5 mbar. Before starting the SINWSs growth (SiH, injection)
the samples were exposed to atomic hydrogen for 5 minutes, in order to achieve clean and

deoxidized catalyst surface.

3. Results and discussion

3.1. Growth process optimization

An important challenge in the field of NWs growth is to prevent (or at least to limit)
the formation of a parasitic amorphous phase of the deposited material. In the case of
confined growth of SiNWSs inside of PAA membranes we found a narrow window of
suitable experimental conditions that avoid the excess deposit of a-Si: low pressure inside
the reactor (in a few mbar range), relatively low growth temperature (<550°C) and low
SiH4:H, ratio. In the following is described the optimization route we followed for
optimizing the SINWs growth conditions inside porous alumina membranes. For the sake
of simplicity, only results that are useful for the understanding of our progression are
reported.

When high pressure (7.5 mbar) and silane rate (SiHs:H, = 20:100 sccm) are

employed, PAA surface is completely covered with amorphous silicon regardless of the



amount of atomic hydrogen generation. This is clearly illustrated in Fig 1a to Fig 1d where
one can observe that even at high hot wire activation power (Fig 1d) the PAA surface is
covered with a thick a-Si layer. In such extreme conditions, even at high-temperature-
decomposed hydrogen, the amorphous silicon etching rate cannot overcome its high
deposition rate. We can easily imagine that under such conditions silane molecules/radicals
cannot diffuse to the catalyst particle located at the bottom of the pores.

Other conditions had to be found in order to avoid nanopores clogging, so that
silane molecules could reach and decompose at the surface of the catalyst at the bottom of
the pores. When only the gas ratio SiH,:H; is being decreased down to 10:100 sccm, while
keeping a high hot wire activation power at 175W, etching conditions are not enough to
prevent the formation of excess a-Si. To significantly decrease its deposition rate, it was
necessary to simultaneously decrease both the total pressure and the SiH,4:H, ratio inside
the reactor. Fig 2 shows SEM observations of the samples on which growth have been
performed at 4.0 mbar, 540°C, with a gas ratio of respectively SiH4:H,=5:95 sccm (a) and
SiH4:H,=2.5:97.5 sccm (b). We chose to show a top view in this latter case in order to
highlight the net improvement of the surface aspect of the porous membrane. Some big
particles could still be observed on it, but overall the pores are still open at the PAA
surface level even after a 30 minutes growth, which means that reactive gas molecules
could now be able to access inside some pores and initiate SINWs growth. Further
optimization has been achieved by decreasing the overall pressure down to 2.5 mbar, while
keeping all the other parameters unchanged, and the first evidences of intra-pore SiINWs
growth clearly appeared (see Fig 3). Indeed, on one hand, some copper particles (appearing
in brighter contrast) have clearly migrated upwards due to the SINW growth, according to

a Vapor-Solid-Solid (VSS) growth mechanism [15]. On the other hand, some materials



have formed underneath these particles (dashed circles), and appear in light gray,
contrasting with dark black inside empty pores.

For the SINWSs catalyst assisted growth, silane decomposition rate has to be in the
same range as the diffusion of Si atoms inside the solid alloy droplet [5, 16]. As SiH,
decomposition rate is influenced by the growth temperature, it is reasonable to assume that
an optimized growth temperature range has to be found for given process conditions. As
we decreased the growth temperature from 540°C down to 490°C, we observed that PAA
membranes were almost free of undesired-deposited a-Si, either on the surface or on the
walls of the pores (Fig 4). The nanopores diameter at the PAA membrane surface level is
also wider in this case, which confirms that the a-Si deposition rate has been dramatically
reduced. Nevertheless, we weren’t able to highlight any SiNWs growth in this case.
Keeping in mind that the SiINWs growth rate is also strongly dependant on the growth
temperature, this is probably due to too short process duration for such a low growth
temperature. Indeed, given a size of a catalyst particle, and according to the VSS process
(and even VLS), the catalyst particles have to get saturated by Si atoms (i.e Si has to reach
its limit of solubility inside the catalyst-Si solid alloy) before solid Si could precipitate
outside of the catalyst and thus form a wire [4,15]. Although a 30-minute growth time is
relatively high compared to classical growth on free surfaces [13,14,17,18], it was
probably not enough in our particular configuration, where due to confinement inside pores,
there is only a very small exchange surface of the catalyst in regards to the precursor gas,
which leads to increased incubation times. We thus extended the growth duration up to one
hour while keeping a low total pressure of 2.5 mbar, the SiH,:H; ratio at 2.5:97.5 sccm, the
power of filament at 175W and the temperature set-point at 490°C. As shown in Fig 5a,
under such conditions, we can notice a visible intra-pore NWs growth, with reduced

parasitic deposit on the walls of the pores. Like on Fig3, materials appearing in light gray



are topped by bright particles (Cu highlighted through backscattering electrons signal
superposition on the secondary electron mode of the SEM). We performed a TEM analysis
to support this result, and found some wires of several hundreds of nanometers in length,
about 40 nm in diameter, with a twinned crystalline structure (Fig 5¢c). We may assume
that this parameter window is suitable for a catalytic growth inside the pores, but also that
a significantly longer incubation time is necessary to reach the Si saturation inside the
catalyst droplet alloy for initiating the nanowires growth. We would also like to point out
that when growth temperature range was enlarged to 430°C and 600°C respectively, no

suitable result has been denoted (no NWs growth and too much a-Si deposit respectively).

3.2. Influence of the hot wire

As mentioned in the previous part, the amount of atomic hydrogen generation via
the hot wire activation has little impact if the experimental conditions are too extreme (too
high total pressure or gas ratio...) and favor high Si deposition rates. However, we can
definitely see its influence upon the limitation of the deposit of amorphous silicon in a
given window of conditions.

The following study continues the optimization of experimental conditions
previously described (Tgown= 490°C, p=2.5 mbar, SiHs:H,=2.5:97.5 sccm, 60 min), so as
to determine the hot wire activation power starting from which atomic hydrogen generation
become efficient in scavenging surplus a-Si deposition. As a starting point we performed
an experiment keeping the hot wire off, i.e. the H, been injected inside the furnace has no
supplementary activation. The results are summarized in Fig 6. We can notice that the
PAA nanopores walls appear to be covered with silicon (Fig 6a), which is clearly
evidenced when comparing with the pre-growth sample (Fig 6¢). The apparent diameter of

the nanopores has decreased, indicating an accumulation of an amorphous phase onto the



substrate (Fig 6b). Such conditions are obviously not suitable for a proper NWs growth.
We can compare these results with those showed in Fig 5, where growth had been
performed with a hot wire activation power of 175W and in the same CVD conditions.
We’ve already seen above that NWs growth was possible in these conditions while
maintaining the PAA walls and surface rather clean, with little parasitic a-Si sparsely
formed at some places of the sample. We thus performed another experiment, using an
increased hot wire activation power of 205 W, corresponding to a wire temperature of
about 1980°C (the other CVD parameter being constant). The results are shown in Fig 7
where we can notice a marked improvement, with a smoother aspect of the nanopores,
almost identical to pre-growth aspect, proving the very good efficiency of atomic hydrogen
as a scavenger for parasitic a-Si deposition. Nevertheless, it seems that the NWs growth
rate has been also drastically decreased, as we couldn’t evidence any growth on this
sample.

In order to better evaluate the amount of silicon deposited on the nanopores walls, it
appeared useful to remove the PAA membrane after the growth process. The membrane
has been removed by an acidic etching, and we could recover intact Si nanowire-like
structures, mostly formed from amorphous Si deposit and partly with crystalline structure.
A study of the morphology and structure of the wires is described in [19]. Fig 8 shows
samples corresponding to the three cases described above (P+=0, 175 and 205W). We
notice the presence of a large field of “bunches” of Si nano-objects when P=0W and
P+=175W (Fig 8a and 8b) after the removal of the alumina membrane, which shows that
the amorphous Si layer deposited on the walls is thick enough to form solid straight
structures, even with the filament on. In case of Fig 8b, we chose to show the “floating
layer” made of amorphous silicon that remains on the top of the wires after the growth (due

to amorphous Si deposition onto the surface of the membrane). In case of Fig 8a, this crust



had been removed using fluor-based Reactive lon Etching prior to the membrane etching.
On Fig 8c, which corresponds to the experiment with a hot wire activation power of 205W,
we notice that such a crust is still present but that it’s clearly closer to the substrate (about
130 nm from the surface of the substrate). This can be easily explained by the absence of
amorphous silicon on the pore walls (as already mentioned, see Fig 7), that normally acts
as supporting structure for the amorphous silicon crust after the membrane etching. If this
silicon crust is etched prior to the membrane etching, we can reveal the surface of the
substrate (Fig 8d). Its aspect is quite different from the previous samples (P=0W and
P=175W) as only some very sparse wires are visible on the surface, in contrast with the
numerous dense wire bunches observed for the experiment at lower hot wire activation
power. We may thus conclude that hydrogen activation via hot wire can be very efficient in
preventing the formation of parasitic silicon structures, that couldn’t be selectively
removed from crystalline SiNWs after their growth. We could also find some vertical
nano-structures that may be NWs. Further investigations are required to determine whether

a high-density SiNWSs growth is possible with such a high power.

4. Conclusion

SiNWSs have been successfully grown inside PAA membrane, which is used as a
template to collectively organize the NWSs. A precise choice of experimental conditions is
required in order to avoid parasitic silicon deposition that may clog the pores and thus
prevent the NWs growth. An optimization of the CVD (total and partial pressure, SiH4:H,
ratio, temperature) and the hot wire activation conditions has been performed, highlighting
that when heated to temperatures higher than 1900°C, the hot wire efficiently generates

atomic hydrogen for scavenging undesired Si deposition inside the nanopores.
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List of figure captions

Fig 1. SEM cross sections of PAA after growth performed at 540°C, 7.5 mbar, SiH4:H, =

20:100 sccm for 30 min and hot wire power (Py): a) OW, b) 150W, c) 175W and d) 205W.

Fig 2. PAA after growth performed at 540°C, 4.0 mbar, Ps= 175W and SiH4:H, = a) 5:95

scem (cross section) and b) 2:97.5 sccm (top view) for 30 min.

Fig 3. SEM cross section of a sample after growth performed at 540°C, 2.5 mbar,

Ps = 175W and SiH4:H, = 2.5:97.5 sccm

Fig 4. a) cross section and b) top view SEM pictures of a sample after growth performed at

490°C, 2.5 mbar, Ps = 175W and SiH4:H, = 2:97.5 sccm.

Fig 5. a) cross section and b) top view of PAA after growth performed at 490°C, 2.5 mbar,
P = 175W and SiH4:H;, = 2:97.5 sccm for 1h. ¢) TEM picture of a single twinned SiNW.

The inset in a) corresponds to a sample before growth, showing the Cu particles (in bright).

Fig 6. SEM pictures of a sample a), b) after growth performed at 490°C, 2.5 mbar, Ps = OW

and SiH4:H, = 2.5:97.5 sccm and c),d) before growth.



Fig 7. SEM cross sections of a sample after growth performed at 490°C, 2.5 mbar,

Ps = 205W and SiH4:H, = 2:97.5 sccm.

Fig 8. SEM tilted views of a sample after growth and membrane removal, with a) Pf=0W,

b) P=175W, c) and d) P=205W. In a) and d) the amorphous Si crust had been removed.
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