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Perchlorinated polysilanes were synthesized by polymerization of tetrachlorosilane under cold plasma conditions with hydrogen as

a reducing agent. Subsequent selective cleavage of the resulting polymer yielded oligochlorosilanes Si,Cly,,4+» (7 =2, 3) from which

the octachlorotrisilane (n = 3, ClgSi3, OCTS) was used as a novel precursor for the synthesis of single-crystalline Si nanowires

(NW) by the well-established vapor—liquid—solid (VLS) mechanism. By adding doping agents, specifically BBr3 and PCl3, we

achieved highly p- and n-type doped Si-NWs by means of atmospheric-pressure chemical vapor deposition (APCVD). These as

grown NWs were investigated by means of scanning electron microscopy (SEM) and transmission electron microscopy (TEM), as

well as electrical measurements of the NWs integrated in four-terminal and back-gated MOSFET modules. The intrinsic NWs

appeared to be highly crystalline, with a preferred growth direction of [111] and a specific resistivity of p = 6 kQ-cm. The doped

NWs appeared to be [112] oriented with a specific resistivity of p = 198 mQ-cm for p-type Si-NWs and p = 2.7 mQ-cm for n-doped

Si-NWs, revealing excellent dopant activation.

Introduction
As potential building blocks for nanoelectronics [1,2], bio-
chemical sensors [3,4], light-emitting devices with extremely

low power consumption, and solar cells [5], nanotubes [6] and

NWs [7] have drawn a lot of interest during the last two
decades. To tune the NWs for their respective applications, their

electrical and optical properties, which strongly depend on the
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diameter [8] as well as the crystallographic orientation [9] and
defect structure [10] of the NW, must be carefully adjusted.
Several synthesis techniques have proven suitable to achieve
NWs with tailored properties, namely chemical vapor depos-
ition (CVD) [11], metal-organic CVD [12], molecular-beam
epitaxy [13] and laser ablation techniques [14]. In this work we
focus on the well-established VLS growth mechanism [15,16],
which has shown remarkable potential in the fabrication of
straight, crystalline, nanometre-sized wires. During VLS growth
a Si precursor is introduced, which is cracked and dissolved into
the catalytic liquid phase. Generally Au is used as the catalyst
on Si substrates, forming a liquid alloy with a eutectic tempera-
ture of 364 °C, which, upon supersaturation, nucleates the
growth of a Si-NW.

In previous work [17] we investigated the crucial importance of
substrate preparation in the case of Au-catalysed NWs grown
by the VLS mechanism. Removal of silicon oxide shortly
before catalyst deposition proved to be decisive for achieving
epitaxy and crystallinity. The oxide on top of a Si substrate can
also be removed during growth by using SiCly as a precursor.
Gaseous HCI, a byproduct of SiCl4 decomposition in the pres-
ence of Hy, etches the native oxide, providing a clean substrate
surface for epitaxial NW growth. The same effect can be util-
ized by intentionally adding HCI to the growth atmosphere [18].
For such VLS grown NW dopants can be introduced either
through particular catalyst particles, such as In [19], Al [20] or
Ga [21], which become partly incorporated into the NW during
growth and thus work as p-type dopants themselves, or by
adding a small amount of dopant intentionally to the Au cata-
lyst particle [22]. Much more common and effective is to add a
gaseous dopant, such as PHj3, BoHg or B(CHjz)s, to the
precursor gas feed during growth. Thus, for example, p—i-n*-
type doped Si-NW heterostructures with a resistivity of a few
mQ-cm have been achieved [20]. Unfortunately, such in situ
doping can negatively affect the actual growth process. BoHg
for example triggers the formation of an amorphous Si shell
[23], whereas PH3 reduces the growth rate and completely
inhibits NW growth at higher PHj3 partial pressures [24].
Furthermore, the doping often appears to be radially inhomo-
geneous and diameter dependent [25]. In this paper we discuss
the electric properties of Si-NWs grown with Si3Clg [26] as
well as peculiarities of the in situ doped NW synthesis using

this precursor in combination with BBr3 or PClj3.

Experimental

For the synthesis of perchlorinated polysilanes an industrial
microwave device (MX 4000, Muegge Electronics GmbH),
connected to a rectangular waveguide that leads into a reaction
chamber, was used. The reactor itself consisted of a quartz-glass

tube, inserted into the microwave cavity, with the axis of the
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waveguide being perpendicularly aligned to the reaction tube.
Prior to use, the reaction apparatus was carefully dried by
heating in vacuum. A gaseous mixture of 40 mL (59.2 g) of
SiCly and 17 L of H, was introduced into the reaction chamber
and the pressure was carefully adjusted to 2 mbar. By powering
a solid-state Tesla transformer, a glow discharge (10 W) of
about 12 cm in length was generated. Then, pulsed microwave
radiation was used to initiate plasma filling of the whole reac-
tion tube at a length of 8 cm. The microwave pulse duration was
set to 1 ms at 4 kW followed by a pause of 59 ms, resulting in
an average power level of 67 W. The gas mixture was
consumed within 200 min and a white-brown waxy solid (22 g)
was deposited on the tube walls. This polymeric material was
dissolved in a small amount of SiCl4 and isolated from the
reactor. Cryoscopic investigations showed the molecular weight
of the polymer to be around 1700 g/mol, which proves the for-
mation of a perchlorinated polysilane (SiCl,), and/or of
Si,,Cly,4+2, with an average chain length of about n = 17 for
(SiCly), or n = 16 for Si,Cly,+». Moreover the molar ratio of
Si/Cl was found to be 1:2 by titration after Mohr [27]. Similar
to the process described in the literature [28], 50 g of the
perchlorinated polysilane were dissolved in 500 mL of SiCly
and placed in a 1 L flask equipped with a reflux condenser, a
stirrer and a gas inlet. The reflux condenser was connected with
a cooling trap (=20 °C). Dry chlorine gas was slowly passed
through the reaction solution at the reflux temperature of SiCly
(~57 °C). The reflux temperature was slowly raised but kept
below the boiling point of Si,Clg, whereupon most of the SiCly
was distilled off. After 10 h the slightly yellow solution was
distilled at normal pressure to separate SiCly, SirClg (T =
145 °C/760 mmHg, 25 g), and Si3Clg (75 = 215 °C/760 mmHg,
16 g). Higher oligosilanes remained in the distillation residue
and were not isolated. For characterization of the precursor
compounds, Si;Clg and Si3Clg were identified by their charac-
teristic 29Si NMR chemical shifts (Si,Clg, 8 = —6.4 ppm;
Si3Clg, & = —3.7 (-SiCl3), —7.4 ppm (-SiCl,-)) [29,30] and by
GC-MS measurements. Trace analysis was performed by
ICP-MS measurements. For the preparation of the doped
samples, BBr3 and PCl3 were added to the oligosilanes in very
small quantities (100 ppm). After distillation the doped oligo-
silanes were directly used for NW growth in an APCVD
system.

The main components of the APCVD growth chamber are a
horizontal tube furnace with three individually controlled
heating zones, a quartz tube connected to a gas feed, and a
pumping unit. To supply the furnace with gaseous OCTS
precursor a saturator was utilized with He as the feed gas. A
more detailed description of the growth apparatus is given in
[30]. As substrates, pieces of Si (111) were cleaned with
acetone, rinsed with propan-2-ol and blown dry with Nj. The
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native oxide was removed by buffered hydrofluoric acid (BHF;
HF/NH4F 7:1) resulting in a hydrogen-terminated Si surface.
Au colloids (80 nm) in propan-2-ol were then dropped onto the
substrate and after evaporation of the solvent and an additional
dip in BHF, the samples were immediately introduced into the
APCVD system. The reactor was evacuated and purged with
He, three times, to remove any traces of air. Thereafter the
temperature was ramped up with the samples still outside of the
heated zone, under a flow of 100 sccm of He. When the furnace
reached the final growth temperature the sample holder was
transferred into the growth region with the aid of a magnetic
specimen-transport system, enabling accurate and fast place-
ment of the samples at desired temperatures without breaking
the vacuum. It turned out that annealing of the samples for
30 min at 800 °C prior to growth improved epitaxy consider-
ably. After this pre-annealing, OCTS was introduced into the
growth atmosphere with a partial pressure of ~0.03 mbar by
routing the He through the saturator. Taking into account the
temperature gradient of the furnace, process temperatures from
900 to 400 °C in steps of 100 °C were investigated simultan-
eously within the same growth sequence, which gave the most
direct and reliable information about the influence of the growth
temperature [30]. After the standard growth duration of 60 min,
the sample holder was pulled out of the heating zone with the
magnetic specimen-transport system, enabling a very fast cool
down of the samples, which still remained in the growth atmos-
phere. Finally, the precursor gas flow was stopped, and the
quartz tube was purged with He for a further 5 min before the
sample was removed from the APCVD system.

For contacting the NWs, 200 x 200 um? Au pads were struc-
tured on a highly doped Si (100) wafer, capped with 80 nm
Al,03, by photolithography and lift-off techniques. VLS-grown
Si-NWs were then removed from their growth substrates by
ultrasonication in propan-2-ol. Subsequently the NWs were

700 °C b)
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randomly distributed by dropping the suspension onto the above
mentioned Si(100) wafer with prepatterned Au pads. Finally the
NWs were connected to the prepatterned Au pads by electron
beam lithography, Ni sputter deposition and lift-off techniques.

Results and Discussion

Single-crystalline and epitaxial Si-NWs were grown by using
OCTS as a precursor and Au colloids at a growth temperature
of 700 °C, with a pre-annealing of the samples at 800 °C for
30 min. The thus synthesized NWs, shown in Figure 1a, were
4 to 10 pum long and 80 to 100 nm thick.

Based on such an optimized NW synthesis procedure, we added
BBrj3 to the OCTS precursor expecting the formation of p-type
doped Si-NWs. However, the addition of BBr3 strongly affects
the growth behaviour. Notably, effective growth of B-doped
Si-NWs with OCTS and BBrj3 requires a reduction of the
growth temperature and the addition of Hy. Remarkably, the
addition of H, during the growth of intrinsic NWs causes
significant etching under the given experimental conditions
[30]. However, adding 10 sccm of H for the synthesis of p-type
doped NWs yielded epitaxial, 10 to 20 pm long and 80 to
150 nm thick Si-NWs at a growth temperature of 600 °C
(Figure 1b). NWs were observed in large quantity down to
temperatures of 400 °C, but epitaxy deteriorated with de-
creasing temperature. To achieve n-type Si-NWs, PCl3 was
added to OCTS. Again effective NW growth required the add-
ition of H, to the growth atmosphere and a higher growth
temperature of at least 800 °C. Furthermore, to achieve epitaxial
NW growth, the colloids were replaced by a 2 nm thick sputter-
deposited Au layer. Epitaxial NWs about 60 nm to 150 nm in

diameter and up to 30 um long are shown in Figure lc.

Summarizing the synthesis results, one has to note that even
small amounts (ppm) of the doping agent change the growth

Figure 1: (a) tilted-view SEM image of Au-catalysed NWs grown at 700 °C with OCTS, (b) top-view SEM image of boron-doped Si-NWs grown at

600 °C, (c) SEM image of phosphorus-doped NWs grown at 900 °C.
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behaviour considerably. For pure OCTS we achieved effective
Si-NWs growth in the temperature regime from 600 to 900 °C
without any H», though with varying quality. With the addition
of BBr3, NWs growth was restricted to the temperature regime
between 400 and 600 °C, although this required the addition of
Hj to the growth atmosphere. Briand et al. [31] also reported
lower growth temperatures when adding BoHg to SiHy, as boron
promotes the decomposition of the precursor and therefore
increases the growth rate. With PCl; as the dopant, at least
800 °C, 20 sccm Hj, and a 2 nm layer of Au were needed to
produce epitaxial NWs in considerable quantity. For a more
detailed view of the morphology of the intrinsic and doped
Si-NWs we performed HRTEM investigations. The TEM image
in Figure 2a shows a slightly tapered, intrinsic Si-NW with a
catalytic particle atop. The HRTEM micrograph of the crystal-
line core in Figure 2b shows clearly the Si(111) atomic planes
(separation 3.14 A) perpendicular to the NW axis. The recip-
rocal lattice peaks in the diffraction pattern (inset in Figure 2b)
prove that the growth axis is [111], and previous work on
Si-NWs grown with SiHy revealed, vertical {112} facets [32].
The NWs are usually free of dislocations and stacking faults
and are covered by a very thin oxide layer.

As already mentioned above, the addition of B,Hg requires the
modification of growth parameters, such as temperature and
feed-gas composition, to achieve effective NW growth.
Moreover the addition of the dopant species, and thus the
expected insertion of B into the lattice of the Si-NW, also influ-
ences the morphology and crystal orientation. Nevertheless,
they have comparable diameters to those of the intrinsic NWs
grown with pure OCTS. The growth orientation of the p-type
doped NWs appears to be [112], as shown in the HRTEM
image and the respective diffraction pattern (Figure 2c,d).
Stacking faults run along the entire NW from the base to the
top, and the crystalline core is enwrapped by an amorphous
shell. A similar amorphous shell was also observed by Lauhon
et al. [33] on addition of BoHg to the growth atmosphere with
the SiH, precursor. The images in Figure 2e and Figure 2f show
that also PCl; affects NW growth by changing the growth direc-
tion. Such epitaxial NWs grow preferentially along the [112]
direction, like their B-doped counterparts. The NWs them-
selves are rod-like, exhibit good crystallinity, and feature no
observable defects or stacking faults.

To test the activation of the dopants in the NWs, electrical char-
acterization was performed with back-gated Schottky-barrier
NW-FETs and four-point measurement modules. The results of
the four-point measurements and the back-gated measurements
are illustrated in Figure 3. The four-point measurements of
nominally intrinsic NWs grown with pure OCTS revealed a

resistivity of about 5.9 kQ-cm. This is in accordance with the
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Figure 2: TEM images (a), (c) and (e) show impressions of intrinsic,
B-doped and P-doped NWs respectively. Analogously (b), (d) and (f)
represent the respective HRTEM images with diffraction images in the
inset.

results of Heath et al. [34], who reported a specific resistivity of
intrinsic NWs, grown with SiH4 as a precursor, of about
1 kQ-cm. Back-gated measurements revealed an unintention-
ally p-type doping leading to a threshold voltage of —4.5 V
(Figure 3 inset). Such p-type behaviour is observed for most
intrinsic VLS-grown Si-NWs and can be attributed to hole
accumulation at the surface due to trapped negative surface
charge, although contributions from impurities such as Au and
O cannot be excluded completely [35].

For the as grown intentionally p-doped NWs, we determined a
resistivity of about 862 Q-cm. This rather high resistivity arose
from the immense amorphous shell (see Figure 2¢) wrapped
around a highly crystalline core. Thus, in the case of the inten-
tionally B-doped NWs, an annealing step at 470 °C for 2 min
was required to achieve reliable contacts. Subsequent measure-
ments revealed a specific resistivity of 198 mQ-cm (Figure 3),
which corresponds to an active dopant concentration of

10'7 ¢cm™3 in bulk Si. A similar behaviour was also reported by
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Figure 3: Semilogarithmic //V plot of intrinsic, p- and n-type NWs. The calculated specific resistivity values are shown next to the respective curves.
The transfer characteristic of the intrinsic NW integrated into a back-gated Schottky-barrier NW-FET and a SEM image of a four-point setup is shown

in the inset.

Lauhon et al. [35]. The p-type doped NWs showed a high
resistivity in the kQ-cm regime, which can be reduced upon
annealing to a few mQ-cm as a result of complete crystallisa-
tion. Adding PClj to the growth atmosphere results in n-type
Si-NWs with a resistivity of 2.7 mQ-cm, corresponding to an
active P concentration of 3 x 10!° ¢cm™3 in bulk Si. Remarkably
this is more than six orders of magnitude lower than the
resistivity of the intrinsic NWs in this work. Due to the high
doping level we observed no channel modulation in response to
the gate voltage for the doped NWs integrated in back-gated
FETs.

Conclusion

In conclusion, OCTS appeared to be a favourable precursor for
VLS synthesis of intrinsic as well as in situ doped NWs. How-
ever, the addition of BBr3 and PClj as doping agents requires a
careful tuning of the growth parameters. NWs synthesized with
pure OCTS exhibit a growth orientation of [111], while the
doped NWs appear to be predominantly [112] oriented. Finally
the electrical characterisation revealed a resistivity of 5.9 kQ-cm
for intrinsic Si-NWs, which appeared to be unintentionally
p-type doped and 198 mQ-cm and 2.7 mQ-cm for the B- and
P-doped NWs, respectively. This proves that the electronic
properties of Si-NWs grown with OCTS as Si precursor can be
tuned according to the desired applications. Also the growth
orientation can be controlled, which may prove useful for
device integration. Therefore OCTS-grown NWs represent
promising new alternatives in the upcoming fields of nanoelec-

tronics, optics, thermoelectronics and sensor devices [36].
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