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Thin Films of Molecular Metals: TTF-TCNQ
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We present recent results on the characterization of highly
ordered polycrystalline thin films of the charge transfer salt
TTF-TCNQ (TTF =tetrathiafulvalene, TCNQ = tetracyano-
quinodimethane) prepared by thermal sublimation in high
vacuum under different conditions. The increase in orientation
and microcrystal size as a function of substrate and annealing
temperatures is addressed. A consequence of such an increase is
the reduction of the conductivity activation energy, which
eventually leads to the observation of the Peierls transition by
resistivity measurements. X-ray absorption near edge spectro-
scopy studies performed with synchrotron radiation reveal
directly the influence of charge transfer on unoccupied states
near the Fermi level. © 2002 Eisevier Science (USA)
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INTRODUCTION

The interest in the preparation of thin films of molecular
organic materials stems from their potential applications
in microelectronics, nanotechnology, biotechnology, non-
linear optics, light-emitting devices, field effect transistors,
liquid crystals, etc. (1) and from their multifunctional
character (2). The recent discovery of ambipolarity,
coherent light emission and superconductivity in neutral
molecular organic materials upon charge injection (3) has
increased the effort in the preparation of highly pure,
crystalline and oriented thin films. Such films can be
obtained by organic chemical vapor deposition (OCVD)
(4), thermal sublimation in vacuum (5), organic vapor-
phase deposition (OVPD) (6), organic molecular beam
deposition (OMBD) (7), co-evaporation (8), the Lang-
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muir—Blodgett technique (9) and electrochemical crystal-
lization (10). Recently, the preparation of thin single
crystals by confined electrocrystallization has been re-
ported (11).

In the present work, we will basically focus on the well-
known molecular metal TTF-TCNQ (TTF = tetrathiaful-
valene, TCNQ =tetracyanoquinodimethane) as a case
study because its physical properties have been extensively
studied in single crystals and because it exhibits a single
crystallographic phase and stable surfaces. TTF-TCNQ
(P2y/e, a=1.2298nm, b =0.3819nm, ¢ = 1.8468nm,
p = 104.46°) is a charge transfer salt (bulk partial charge
transfer p = 0.59) exhibiting monoclinic crystal structure
built up from parallel, segregated chains of donors (TTF)
and acceptors (TCNQ) (12). Its 1D metallic behavior arises
from the n-overlap along the stack (b-axis). The electrical
conductivity is highly anisotropic: /0, ~10° at room
temperature, where o, and o, represent the conductivity
along the a- and b-directions, respectively. A charge density
wave with wave vector 2kg, where kg stands for the Fermi
wave vector, develops below 54 K on the TCNQ chains and
eventually brings the system into an insulating ordered
state below 38K (13).

Thin TTF-TCNQ films grown by CVD (4, 14) and by
thermal sublimation in vacuum (5, 15) are described in
the literature. Thin films of the superconducting phase
o-(BEDT-TTF),I5 (BEDT-TTF = bis(ethylenedithio-tetra-
thiafulvalene)) have been also obtained by evaporation in
vacuum (16) and conductive films of BEDT-TTF doped
with ClO4 anions have been prepared by a combination
of vacuum deposition of the donor molecules on gold
electrodes with an electrochemical process (17). Highly
conductive thin films of (TTF);I5 have been also reported
by double source evaporation (18).

The thin TTF-TCNQ films are astonishingly stable even
when stored in air for several months as confirmed by
atomic force microscope (AFM) measurements (19). Their
stoichiometric desorption in ultra-high vacuum (UHV) has
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permitted the determination of the valence band dispersion
close to the Fermi level with angle-resolved ultraviolet
photoemission spectroscopy (ARUPS) (20), which is nearly
identical to that obtained with in situ cleaved single crystals
(21). The preparation of stable, highly oriented thin films of
metallic organic materials offers thus the possibility to
obtain available areas for ARUPS studies larger than those
typically at hand with single crystals. This appears there-
fore as a promising alternative to the growth of single
crystal samples for the experimental determination of their
electronic structure (band mapping). Finally, the nanome-
chanical properties of thin films of TTF-TCNQ have been
recently determined with AFM, exhibiting Young’s mod-
ulus of ca. 20 GPa (22).

EXPERIMENTAL SECTION

Thin films (thickness ~1um) have been obtained by
thermal sublimation in high vacuum (~10 ®mbar) of
recrystallized TTF-TCNQ powder. Ex situ cleaved alkali
halide substrates (NaCl(001), KCI(001) and KBr(001)) as
well as sputter-deposited SizN,; films were used as
substrates. The evaporation temperature was ~430 K with
substrate temperatures 7,<325K and the samples were
in situ annealed at temperatures 7, <360K in nitrogen
(nitrogen pressure slightly above ambient pressure). The
preferential orientation of the films has been studied by
X-ray diffraction (XRD) using a Philips Material Research
Diffractometer system with a four circle goniometer and
parallel beam optics. The scanning electron microscope
(SEM) images were obtained with a Hitachi S-570
equipment.

Information on the density of unoccupied electronic
states was obtained by X-ray absorption near edge
spectroscopy (XANES). This technique is based on the
induction of intraatomic interband transitions from core
levels to empty states caused by incident X-rays of
sufficient energy. Therefore, the partial (element selective)
density of unoccupied states is obtained (23). The XANES
measurements were performed at the SACEMOR end-
station (beamline SA72) of the Laboratoire pour 1
Utilisation du Rayonnement Electromagnetique (LURE) in
Orsay, France and at the beamline 8.2 of the Stanford
Synchrotron Radiation Laboratory (SSRL) in Stanford,
CA, USA. The data were acquired in the total electron
yield mode by measuring with an ammeter the current
drain to the ground. The signal was normalized to the
simultaneously recorded photocurrent from a gold-covered
grid.

Resistivity (p) measurements were performed using the
four contacts low frequency lock-in technique with a
measuring current of 10 and 0.1 pA (see details below).
Gold wires with a diameter of 17 um were previously
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attached with silver paint to four parallel gold stripes
evaporated on the films.

RESULTS AND DISCUSSION

XRD and SEM

Figure 1a shows the XRD pattern of a thin TTF-TCNQ
film grown on an ex situ cleaved KCI(100) substrate. Only
(00/) reflections are observed for even values of /, indicating
that the films are oriented with their (002) molecular planes
(ab-planes) parallel to the substrate surface. The films
consist of highly oriented and strongly textured rectangu-
lar-shaped microcrystals, with their a- and b-axis parallel to
both [110] and [110] substrate directions, respectively, due
to the cubic symmetry of the substrate (not shown) (24).

Figure 1b shows the rocking curves of the (002)
reflection of films obtained under different experimental
conditions: (#1) T,=300K and T,=350K, (#2) T,=310K
and T,=360K and (#3) 75,=325K and T,=350K. We
observe a clear decrease of the full-width at half-maximum
(FWHM) of the rocking curves from 1.0° to 0.5° upon
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FIG.1. (a) XRD pattern (0-20) of TTF-TCNQ/KCI(100). (b) Rock-
ing curves of the (002) reflection of films obtained under different
experimental conditions: (#1) Ty, =300K and T, =350K, (#2)

Ty =310K and 7, = 360K and (#3) 75, = 325K and T, = 350K.
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increase of the substrate temperature from 300 to 325K,
for a similar annealing temperature, evidencing an increase
of the (002) plane orientation. When the films are grown at
T,=300K without annealing, FWHM =~ 1°. The films
become thus highly oriented already when the substrates
are held at room temperature but significantly increase
their degree of orientation by a moderate increase of
temperature (in this case 25K). This is associated to the
weak (van der Waals and hydrogen bonding) intermole-
cular and molecule-substrate interactions. In general,
highly crystalline and ordered thin films of TTF-derivatives
on alkali halide substrates at moderate substrate tempera-
tures (below 325K) are obtained due to the weak
interactions involved in the formation of the films (25).
When the materials exhibit polymorphism, a temperature
increase may activate a phase transition (i.e., the a-phase of
(BEDT-TTF),I; transforms to the superconducting o-
phase upon annealing at ca. 360K (16)), or a change of
stoichiometry (i.e., by confined electrocrystallization super-
conducting k-(BEDT-TTF),Cu(NCS); is selectively grown
at 300K, while the insulating phase, (BEDT-
TTF)Cu,(NCS)s, is obtained instead at 335K (11)).
Figure 2 shows SEM images of films #1, #2 and #3
(KCI(100) substrates) and also #4, obtained on amorphous

FIG. 2. SEM images of TTF-TCNQ/KCI(100) films obtained at: (#1)
T, =300K and 7, = 350K, (#2) Ty =310K and 7, = 360K and (#3)
T, = 325K and T, = 350K and of TTF-TCNQ/Si;N, films (#4) obtained
at 7y, = 310K and 7, = 360 K.
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Si3N4 substrates (7, = 310K and T, = 360 K). Films #1,
#2 and #3 exhibit an increase of the microcrystals size upon
increasing the substrate temperature. When the films are
grown at Ty = 300K and 7, = 350K (#1) the mean length
of the microcrystals along the long axis (b-axis) is ca.
1.4 um, increasing to ca. 2.7um when 7, = 310K and
T, =360K (#2) and up to about 4.9 um when obtained
at Ty = 325K and T, = 350K (#3). When the KCI(100)
substrates are held at room temperature, we observe that
the microcrystals are equally distributed in perpendicular
directions. In addition to the increase in size with
increasing substrate temperature, the microcrystals in the
same direction tend to agglomerate leaving, however, the
final microcrystal distribution unaltered (no temperature-
induced in-plane preferential orientation). In the case of
sample #3, a considerable number of microcrystals become
curved. This is due to the triggering of in-plane growth
directions other than the equivalent [110] caused by the
different temperature-induced contributions of the electro-
static and van der Waals interactions to the total energy
at the interface (26). Film #4 shows a random distribution
of microcrystals (mean length along the b-axis ~ 3.2 um)
due to the amorphous character of the substrate.

XANES Measurements

In the case of charge transfer compounds, it is interesting
to determine the modification of the electronic structure of
the molecules as a result of the formation of the compound.
In particular, we have characterized by XANES the density
of unoccupied states comparing the salt with neutral TTF
and TCNQ in order to readily verify differences in
electronic structure.

Figure 3 shows the XANES spectra associated to
relevant core levels: (left) S(2p), (center) C(1s) and (right)
N(1s). For each core level the top and center-bottom curves
correspond to the TTF-TCNQ (thin films grown at
Ts; = 300K with no annealing) and to neutral TTF and
TCNQ (powder), respectively. Microcrystalline powders of
TTF and TCNQ were suspended in ethanol by stirring, and
deposited on a silicon wafer immersed in the suspension.
The XANES spectra of TTF-TCNQ powder (used for film
preparation) are similar to those of TTF-TCNQ thin films
but exhibiting traces of contamination (not shown). TTF-
TCNQ is thus purified during sublimation as expected.
Note the absence of N(1s) signal from the TTF powder
(right) and absence of S(2p) from TCNQ (left), as expected
from their atomic composition, thus confirming the purity
of the substances. All spectra show a low-energy region,
composed of multiple peaks, which corresponds to transi-
tion to ©* states, followed by a featureless threshold at
higher energies associated to the onset of transitions to
a* states. The sharp n* peaks have excitonic origin (27).
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FIG.3. S(2p), C(ls) and N(ls) XANES spectra from thin films
(Ts = 300K, no annealing) of the charge transfer compound TTF-TCNQ
and from neutral TTF and TCNQ.

A closer observation of the S(2p) spectra (left of Fig. 3)
reveals that the spectral lineshape is broader for the neutral
TTF molecule than for TTF-TCNQ. The opposite trend is
observed for the C(1s) and N(1s) spectra in TCNQ, which
are narrower in the neutral state as compared to the TTF-
TCNQ salt. The explanation stems from the charge
transferred upon the formation of the TTF-TCNQ
compound from the donor TTF to the acceptor TCNQ.
The extra charge that is accommodated in the compound
within the TCNQ electronic structure broadens its electro-
nic levels, whereas the loss of charge in TTF narrows the
lineshape of the corresponding states. This is thus a rather
direct method to experimentally determine the influence of
charge transfer on the unoccupied electronic states close to
the Fermi level.

Further details are observed by comparing the C(ls)
spectra from TTF-TCNQ with the sum of the C(1s) signals
from neutral TTF and TCNQ, as is shown in Fig. 4. The
spectrum from the charge transfer compound largely
resembles the sum of the spectra from the neutral
molecules. However, some subtle changes are observed,
affecting the states derived from the acceptor molecule
TCNQ: (i) the two low-energy peaks at 283.5 and 284.3eV
in the sum spectrum appear broader in TTF-TCNQ and
shifted ~0.35eV towards higher energies, (ii) the peak at
287.9 in the sum spectrum, due to TCNQ states is almost
absent in the spectrum from the compound. The states
derived from the TTF molecule remain, however, largely
unaffected. In order to ascertain the origin of the peaks in
the spectra and of their changes elaborated theoretical
calculations of the band structure of TTF, TCNQ and
TTF-TCNQ should be performed, which, to our knowl-
edge, are not available.
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Resistivity Measurements

Figure 5a shows resistivity measurements as a function
of temperature performed on films grown at: 7y = 300K
and T, =350K (#la and #lb) and 75 = 325K and
T, = 350K (#3). The measuring currents were 10 pA for
#la and 0.1 pA for #1b and #3. The conduction barrier
energy or activation energy A can be obtained from the
expression p = p,exp(A/2kgT), where kg stands for the
Boltzmann constant. From the Arrhenius plot we derive:
A/kg =296.8 and 295.4K for the nominally identical
samples #la and #1b, respectively (grown in different
experiments) and 273.7K for sample #3. Earlier reported
values of A for oriented thin TTF-TCNQ films lie within
174.0 and 580.0 K (14, 28). The decrease of the conduction
barrier energy upon the increase of the substrate tempera-
ture is in line with the increase of the microcrystal shape,
which reduces the number of grain boundaries. At
room temperature, the measured electrical conductivities
are: 0 =50Scm™!' (#la), 0 =9.1Sem™ ' (#1b) and ¢ =
2.2Scm ™' (#3), to be compared with earlier determinations
on thin films (5 < ¢ < 30Scm™') (4, 14, 28, 29), the
conductivity of the films resulting from a random
contribution of ¢, and o, values. For single crystals o,
~500Scm™! at room temperature (30). The fact that
sample #3 shows the lowest conductivity value (2.2Scm™")
in spite of exhibiting a higher degree of orientation, lower
activation energy and larger microcrystals is ascribed to
insufficient statistics.

A detail of the resistivity vs temperature is displayed for
the 273.7 K conduction energy barrier sample #3 in Fig. 5b.
The non-linear increase of resistivity below ca. 50K
corresponds to the well-known metal-insulator transition
(Peierls transition) accurately determined in single crystals
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FIG.4. C(1s) XANES spectrum from thin TTF-TCNQ films com-
pared with the sum of the spectra of neutral TTF and TCNQ.
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FIG.5. (a) Resistivity measurements as a function of temperature
on thin TTF-TCNQ films grown at: (#la and #1lb) Ts=300K and
Ta=350K and (#3) Ts=325K and Ta=350K, (b) Detail of the resistivity
vs temperature for the sample #3 showing the Peierls transition. The
dashed line corresponds to a linear interpolation of the higher temperature
region.

(30) and also previously observed on thin films grown by
CVD (4). The Peierls transition is more readily observed on
the A/kp = 273.7K sample because of its lower activation
energy as compared to the ca. A/kg = 296 K samples.

OUTLOOK

The preparation of high-quality thin films of not only
molecular metals but also of semiconducting and magnetic
materials is evidencing an increasing activity because of the
appealing applications of such materials in different fields.

FRAXEDAS ET AL.

If large areas of highly crystalline materials are requested
the present growth techniques should be improved,
specially when thinking of superconducting materials,
and different new approaches should be investigated (i.e.,
the use of chemically modified surfaces as substrates, multi-
stage or sequential growth, etc.) When modifying the
growth conditions new crystallographic phases are to be
expected with perhaps unexpected properties.
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