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Thin films and nanowires of the molecular superconductor
TTF|Ni(dmit),], (TTF = tetrathiafulvalene, dmit>~ = 2-thioxo-
1,3-dithiol-4,5-dithiolato) are obtained by dipping process on
stainless-steel and silicon conversion coatings and on a micro-
rough silicon surface. The deposits are characterized by SEM,
Raman spectroscopy and conductivity measurements. © 2002
Elsevier Science (USA)
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INTRODUCTION

Molecule-based conductors have been known for al-
ready 30 years. However, they have been mostly studied as
single crystals, though interest in using them in electronic
devices has been a permanent goal. The dream may come
true if chemical reactions involved in their preparation fit
the requirements to be applied to commonly used proces-
sing methods such as chemical vapor deposition (CVD),
electrochemical coating, sputtering, or dipping process.
Previous, non-exhaustive, examples of reports on thin- film
preparation of molecule-based materials include the use of
Langmuir-Blodgett (1), high vacuum evaporation (2-4),
electrochemical deposition (5), molecular beam deposition
(6), CVD (7, 8), and reticulate doping (9) techniques. We
recently reported the preparation of TTF-TCNQ
(TTF = tetrathiafulvalene, TCNQ = tetracyanoquinodi-
methane) thin films and nanowires using stainless-steel
conversion coatings (SSCCs) substrates (10). We could
evidence the interest of using such substrates in terms of
surface coverage, adhesion, and nanowires growth when
performing CVD and dipping process. These results
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naturally encouraged the study and use of conversion
coatings on silicon, the typical microelectronic substrate.
Moreover, we expanded the study to another molecule-
based conductor: TTF[Ni(dmit),], (TTF = tetrathiafulva-
lene, dmit>~ = 2-thioxo-1,3-dithiol-4,5-dithiolato) (Fig. 1).
This paper will focus on TTF[Ni(dmit),], thin films and
nanowires formation on SSCC, silicon conversion coatings
(SiCCs) and microrough silicon (SiMR) substrates using
dipping process.

EXPERIMENTAL SECTION

TTF is commercially available. Other starting com-
pounds are prepared following previously described
procedures: (TTF);(BF,), in (11), the dmit>~ ligand in
(12), and [Ni(dmit),](NBuy) in (13).

SSCCs preparation follows a controlled oxidation
method already described (10,14). SiCC and SiMR
surfaces are prepared by procedures similar to that used
for SSCC (15). The arithmetic surface roughness R, is
measured using a TENCOR P2 profilometer. STM studies
were run on a Nanoscope II equipment, and SEM on a
JEOL model JSM 840A apparatus.

TTF[Ni(dmit),], thin films and nanowires grow by
dipping the SSCC, SiCC or SiMR substrates successively
in acetonitrile solutions of [Ni(dmit),](NBuy) (3.54gL™")
and (TTF);(BF,), (2.04 gL~ "). Preparation of the solutions
and dipping steps are performed inside an argon-filled
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Ni(dmit),
FIG.1. TTF and Ni(dmit), molecules. Building blocks of the
TTF[Ni(dmit),], molecular superconductor.
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FIG. 2. AFM observation of an SSCC surface.

glove-box. After reaction and drying, the surfaces do not
need to be stored under inert atmosphere as TTF[Ni
(dmit),], is air stable. The deposits were studied by
SEM (JEOL model JSM 840A), Raman spectroscopy
(DILOR XY micro-Raman, source: 488 nm line of an Ar
laser, laser power density ~ 10°Wcm ), and conduc-
tivity measurements (home-made equipment, four-probe
technique).

RESULTS AND DISCUSSION

Substrates Preparation and Properties

SSCCs grow on austenitic stainless steel-sheets through
a combined chemical/electrochemical process. The resulting

FIG. 3. SEM observation of an SiCC surface.
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FIG. 4. SEM observation of an SiMR surface.

coatings were identified as magnetite and maghemite
phases (16). They have been known for showing advanced
adsorption properties due to their fractal-like nanostruc-
tured surface (Fig. 2) and were applied to fix dyes (16) or to
improve the adherence of further coatings (17). After
undergoing the same type of treatment, a silicon wafer
surface exhibits similar features (Fig. 3) and consists of
nanostructured silicon oxide (SiCC for silicon conversion
coating) formed on the honeycomb structure of the non-
polished side of the silicon wafer. Through the variation of
the conditions of preparation of the SiCC surfaces, we
could further isolate oxide-free silicon surfaces (Fig. 4),
named microrough silicon (SiMR) as they retain the
original microrough morphology of the SiCC (15). A
typical roughness profile of the surfaces is shown in Fig. 5
in the case of an SiCC. As a general feature, the R, values
increase by a factor of 2 after chemical treatments of the
surfaces.

One can wonder why these modified surfaces exhibit
such good adsorption properties? We can see from the
above images that the morphology of the surfaces consists
of nanopores. In addition to increasing tremendously the
overall surface, thus physical adsorption opportunities,
these nanopores (SSCC, SiCC and SiMR) act as reservoirs,
allowing chemical reactions to take place at a nanoscale
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FIG. 5. Typical SiCC surface profile.
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FIG. 6. View of the TTF[Ni(dmit),], structure along the [010] stacking axis.

level. These features are applied here for growing
nanowires and films of TTF[Ni(dmit),],.

TTF[ Ni(dmit),], Deposition

TTF[Ni(dmit),], belongs to the donor—acceptor family
of compounds. It results from the reaction of (TTF)3(BFy),
with [Ni(dmit),](NBuy) in solution. The reaction leads to
the formation of a 1:2 adduct where TTF and [Ni(dmit),]
species are partially oxidized. Within the final material, the
charge transfer between the TTF donor molecule and the
[Ni(dmit),] acceptor complex was found to be 0.8 from
diffuse X-ray scattering experiments and band structure
calculations (18). The structure of TTF[Ni(dmit),], consists
of segregated stacks of TTF and [Ni(dmit),] units (Fig. 6).
On single crystal, its room-temperature conductivity is

FIG.7. SEM image of TTF[Ni(dmit),], nanowires on SSCC.

300Scm ™! at ambient pressure along [010]. The conduc-
tivity behavior is metallic down to 4 K. Moreover, this
compound undergoes a complete transition to a super-
conducting state at 1.62 K under a pressure of 7 kbar (19).
When microporous substrates are dipped in a [Ni
(dmit),](NBuy) solution, the nanopores of their surface
uniformly adsorb the solution. The adsorbed amount of
solution may be increased if the substrate is placed under
vacuum before dipping. In a second step, the [Ni
(dmit),](NBuy)-filled surface is dipped in a (TTF)3(BF,),
solution. At this time, reaction occurs between the two
components and TTF[Ni(dmit),], grows on the surface.

Morphology of the TTF[ Ni(dmit),], Deposits

Depending on the substrate nature, the deposits exhibit
quite different morphologies. On SSCC substrates, SEM
images show that the deposits consist of nanowires. The
diameter of these nanowires lies from 50 to 150 nm (Fig. 7).
Some areas are more covered by nanowires than others. On

FIG.8. SEM image of a TTF[Ni(dmit),], film on SiCC.
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FIG.9. SEM image of a TTF[Ni(dmit),], deposit on SIMR.

SiCC surfaces, the deposit consists of a thick film (1 um)
(Fig. 8). The film covers all the surface, and is rather dense,
though it exhibits a few holes through which nanowires
may be observed. When SiMR substrates are used,
TTF[Ni(dmit),], fibers fit the morphology of the silicon
surface: the holes of the honeycomb silicon structure
contain ball-wound fibers (Fig. 9a). Under strong stirring,
a more uniform and thicker deposit is obtained (Fig. 9b)

Raman Study of the TTF[ Ni(dmit),], Deposits

The Raman spectrum of each deposit was registered and
compared to that of the well-identified (TTF)[Ni(dmit),],
single crystals. Table 1 gathers the main Raman frequen-
cies for 1 (single crystals), 2 (deposit on SSCC), 3 (deposit
on SiCC), and 4 (deposit on SIMR). Raman frequencies for
neutral TTF, TTF " monocation, neutral Ni(dmit),, and
[Ni(dmit),]” monoanion are also summarized in Table 1.
The Raman spectrum at HH polarization of (TTF)[Ni
(dmit),], single crystals 1 exhibits lines at 256, 757, 1440,
1493, and 1518cm™!, attributed to the TTF moiety by
comparison with Bozio and Pecile (Table 1) (20). The other

lines of the Raman spectrum of 1 (332, 355, 495, 1085, and
1320cm™") are characteristic of the Ni(dmit), moiety
(Table 1) (21). The band at 1320cm ™" corresponds to the
C=C bonds stretching mode of the nickel bis(dithiolene)
fragment. This mode can be evidenced either as a sharp line
or as a broad shoulder depending on the crystal face on
which the incident laser beam is focused.

Raman spectra of 2—4 were recorded at HH polarization
after focusing the incident laser beam onto the deposit
through the microscope objective, giving a spot size of
1 um?. No major degradation of the sample was observed.
Raman spectra of the deposits are similar in their general
features to that obtained for 1, as it is shown in Fig. 10.
However, the signal-to-noise ratio is lower than that
observed for 1, presumably due to the low amount of
deposited material. The v¢ = ¢ stretching mode in Ni(dmit),
is not observed for 3 and appears as a shoulder in 4. This
could result from a particular orientation of the film onto
the substrate surface. The larger observed frequency
differences (Av,ps) between neutral and ionized moieties
are obtained for C=C stretching vibration modes
(Avops >50cm™") (Table 1). In particular, the ve—_c at

TABLE 1
Raman Shifts of TTF[Nidmit),], Single Crystal 1, Deposits on SSCC 2, on SiCC 3, and on SiMR 4 Compared
to Neutral and Ionic Constituting Molecules

Sample ID
1 2 3 4 TTF® TTF" Ni(dmit), [Ni(dmit),]”
Reference This work  This work  This work  This work  (20) (20) 21) 21)
ds.c.s and dc g ¢ in TTF 256 261 255 255 244 265 — —
Oout of plane Of five-membered rings in Ni(dmit), 332 348 342 340 — — 343 338
vni_s in Ni(dmit), 355 366 362 364 — — 364 358
vc_s of the terminal S,C=S fragment in Ni(dmit), 495 501 499 497 — — 496 507
veg in TTF 757 762 761 755 735 758 — —
ve—s in Ni(dmit), 1085 1065 1065 1065 — — 1051 1052
ve—c in Ni(dmit), 1320 1344 Not obs. 1320 — — 1329 1403
ve—c in TTF (central C=C contribution: 71%) 1440 1445 1435 1425 1518 1420 — —
ve—c in TTF (ring C=C contribution: 90%) 1493 1497 1493 1487 1530 1478 — —
ve=c in TTF (ring C=C contribution: 68%) 1518 1527 1522 1517 1555 1505 — —
Charge transfer p 0.77 0.72 0.82 0.90 — — — —
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FIG. 10. Raman spectra of TTF[Ni(dmit),],: single crystal 1, deposit
on SSCC 2, SiCC 3 and SiMR 4.

1518cm ™" for neutral TTF (1420cm ™' for TTF "), which
involves a large contribution of the central carbon—carbon
double bond (71%), is very sensitive to the amount of
charge transfer (p) (22). Furthermore, a linear relationship
between this Raman frequency and p in a series of partially
oxidized TTF salts has been drawn (22). We can thus
evaluate the charge transfer from TTF donor to Ni(dmit),
acceptor for 1-4 (Table 1). Values varying from 0.72 to
0.90 are found. They are in relatively good agreement with
that obtained before, i.e., 0.80 (18).

VALADE ET AL.

Conductivity Measurement of the TTF[ Ni(dmit),],
Deposits

Conductivity measurements could be done on deposits
3 grown as continuous thick films on the SiCC substrates.
The standard four-probe technique was used. The con-
ductivity of the film is about 2Scm ™', This value is similar
to that of powder samples and two orders of magnitude
lower than the highest value measured along the needle axis
of single crystals (300Scm™'). It agrees with a random
contribution of the high intrinsic conductivity of the
material and the low conductivity of inter-fiber or inter-
grain contacts within the film. Moreover, the films exhibit a
pseudo-metallic behavior (Fig. 11) down to low tempera-
ture (R4k/Rz00x = 0.8) which is quite satisfactory for a
film and means that the inter-grain contacts do not affect
too much the overall electric behavior of the material. The
conductivity of the deposit obtained on SiMR under strong
stirring is 0.15Scm ™' at room temperature. This value is
close to that of deposits 3 obtained on SiCC.

CONCLUSION

We have shown that thin films and nanowires of
molecular metals may be grown by using a very simple
dipping technique in mild conditions. This became possible
by the use of a special kind of substrate exhibiting
increased adsorption properties due to its peculiar surface
morphology. Chemical vapor deposition is not as easy to
apply for growing thin films in the case of molecular
materials having low volatile precursors. The dipping
process is therefore an interesting alternative. Moreover,
by varying the growing conditions, nanowires form. This
represents an important opening to the use of molecular
materials in nanodevices (23). Our present goal is to
assemble these nanowires into ordered arrays in order to
produce functional systems.
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FIG. 11. Resistance of TTF[Ni(dmit),], films as a function of
temperature.
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