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ABSTRACT: Organic-based magnets are intriguing materials
with unique magnetic and electronic properties that can be
tailored by chemical methodology. By using molecular layer
deposition (MLD), we demonstrate the thin film fabrication of
V[TCNE: tetracyanoethylene],, of the first known room
temperature organic-based magnet. The resulting films exhibit
improvement in surface morphology, larger coercivity (80 Oe),
and higher Curie temperature/thermal stability (up to 400 K).
Recently, the MLD method has been widely studied to
implement fine control of organic film growth for various
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applications. This work broadens its application to magnetic and charge transfer materials and opens new opportunities for
metal—organic hybrid material development and their applications in various multilayer film device structures. Finally, we
demonstrate the applicability of the multilayer V[TCNE], as a spin injector combining LSMO, an standard inorganic magnetic

semiconductor, for spintronics applications.
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1. INTRODUCTION

Organic/molecular-based magnets have been studied since the
1980s. Since then, many intriguing magnetic and optical
properties have been discovered.'> The research on the
materials has been targeted for the memory applications, as
some of the materials have shown unique magnetic bistabilities
and light-tunabilities therein.®” The recent incorporation of this
type of materials for the spintronic device suggests potential
new application of these materials.® In particular, the
coexistence of room temperature magnetic ordering and
semiconductor properties in compounds such as V[TCNE],,>’
should introduce intriguing opportunities for future hybrid
electronics.®'® Organic materials have been important alter-
natives to inorganic materials and have shown significant
impact on devices such as light-emitting diodes and transistors.
Organic/molecular-based magnetic materials could be promis-
ing candidates for the future organic/molecular electronic,
magnetic, and spintronic applications.

To incorporate the organic-based magnet as a building block
for device fabrication, the precise control of the film growth has
to be made. So far, several methods have been employed to
fabricate thin film V[TCNE].''"'? Among these methods,
chemical vapor deposition (CVD) with precursors V(CO)4 and
TCNE as precursors has been the most widely studied
technique.'’ This approach produces a structure that is
homogeneous in stoichiometry with variation in thickness,
which introduces challenge for the inte%ration of these
magnetic films into multilayer devices.'® Therefore, a
deposition method with better control is needed for further
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development of these materials and their applications. To
achieve a thin V[TCNE], film, a physical vapor deposition
(PVD)-based method under ultra high vacuum (UHV) has
been used to deposit thin films with the thickness of only few
tens of nanometers.'> However, thin films made by this method
have shown undesired bonding, such as the bonding between
metal atom and C—C double bond in TCNE molecule, which
may affect the film properties."> Therefore, developing
molecular level control of film growth of V[TCNE], is of
great interest and will inspire various electronic and spintronic
applications of the organic/molecular-based magnetic materials.

MLD is an analogue to atomic layer deposition (ALD) which
is a technique to grow thin films by exposing the substrates to
different precursors alternatively and sequentially.'®'” The self-
limiting nature of the MLD process allows the thickness of the
film to be controlled within a monolayer as well as results in
highly conformal films. In addition, ALD prepared film has
shown superior performance on growing uniform film on
structure with high aspect ratio."® Until now, the studies of
MLD have covered several types of materials, such as organic
polymers,"*~>* organic—inorganic hybrid materials,”*** small
molecules,26 self-assembled monolayer derivatives,””*® and
molecular heterolayers.'” Potential applications of these
materials are of wide variety, such as dielectric layer,
semiconducting layer, sacrificial layer, growth template, etc.,
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Figure 1. Growth behavior monitored by QCM. (A) QCM response of several cycles of MLD of V[TCNE],. The red and green bars indicate the
exposure of V(CO)¢ and TCNE respectively. The inset shows a magnified graph of mass change within one cycle. (B) QCM mass vs number of
MLD cycle. (C) Thickness vs number of cycle measured by AFM. Black dots represent data points that taken from thin films with different MLD
cycles. The black dashed line is the trend line which has a slope of 0.98. Solid lines are theoretical values of different binding orientation based on
calculated V-TCNE-V distances.”® The red line represents a binding fashion of trans-orientation. The blue and green lines represent two types of cis-
orientations.
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Figure 2. (A) AFM images of thin film of 42 cycles with image dimension of S ym X S and 1 gm X 1 um (inset). The scale bar represents heighth
from 0 to 20 nm. (B) XPS spectrum of V 2p and O 1s where the bands located ~515 and ~523 eV are from V 2p 3/2 and V 2p 1/2 respectively, and
the band at ~532 eV is from O 1s. (C) XPS spectrum of N 1Is.

which suggests MLD a promising technique for fabricating Sample Analysis. All samples for analysis were deposited on
organic-based thin films for practical applications. In this report, double-side polished Si(111) substrates with an exception of the air-
stability measurement that was deposited on a glass substrate. Atomic
force microscopy (AFM) images were taken using a Dimension 300
SPM by Digital Instruments. X-ray photoelectron spectra (XPS) were

an example of MLD to fabricate a magnetic material is
demonstrated.

taken from thin film deposited on Si substrate and measured by a
2. EXPERIMENTAL SECTION Kratos Axis Ultra XPS. Samples for XPS were transferred to the

Precursor Preparation. Tetracyanoethylene (TCNE) and vana- chamber of the spectrometer with an airtight transfer tool to reduce air

dium hexacarbonyl (V(CO)s) were used as precursors in this work.
TCNE was purchased from Sigma-Aldrich and purified by sublimation
with activated carbon before use. V(CO)4 was synthesized according
to the literature. Before and after deposition, both precursors were

exposure. Transmission infrared (IR) spectrum was taken from a
Perkin-Elmer Spectrum 100 FT-IR spectrometer. Samples for IR
measurement were sealed in an airtight cell during measurement.

stored in airtight containers in inert environment in a refrigerator (at Magnetic properties and temperature-dependent electrical properties
—35 °C). were measured from a superconducting quantum interference device

V[TCNE], Deposition. The chamber was pumped down with a (SQUID) magnetometer and a physical properties measurement
turbo pump system overnight before performing deposition. The base system (MPMS and PPMS by Quantum Design) respectively. Samples
pressure was <1 X 10~° Torr. The chamber and precursors were at for thin film air-stability were deposited on a glass substrate with Al
room temperature during the entire deposition process. The typical electrodes, and the resistance was measured with a Keithley 617

MLD sequence for one cycle was: (i) V(CO)4 exposure: chamber
sealed for ~50 s, a pulse of V(CO)4 was introduced to the chamber for
the first 2 s in this step; (ii) evacuation: ~100 s; (iii) TCNE exposure:
samples were exposed to TCNE for ~300 s while the chamber 3. RESULTS AND DISCUSSION
continued evacuating; (iv) evacuation: ~150 s. The pressures were
about 1 X 107" Torr during step i and 1 X 107* Torr during step iii.

electrometer.

The MLD was performed in a homemade close-type system

Upon the completion of the deposition, the chamber including the where no carrier gas was introduced. The base pressure of the
samples was then transferred into an Ar-filled glovebox for further system was ~1 X 107° Torr, and the deposition process was
process/analysis. done at room temperature. During the MLD process, substrates

QCM Measurement. The quartz crystal microbalance (QCM) was were exposed to V(CO), and TCNE alternatively, and each

connected to a XTM/2 (Inficon) monitor. The data was recorded by a N followed b i tep. O t of
PC. The mass gain was calibrated by polished 6 MHz quartz crystal exposure step was followed by an evacuation step. Lne set o

discs (Inficon). Crystals were deposited with 20 nm of SiO, by e-beam exposure and evacuation steps for both precursors is defined as
deposition prior to MLD. one cycle here. The ideal surface reactions are

138 dx.doi.org/10.1021/am201506h | ACS Appl. Mater. Interfaces 2012, 4, 137-141



ACS Applied Materials & Interfaces

Research Article

A. B. C.
= 2E-05 = 6.E-06 ° 4.31E+05
5 5 \_\’. g
L ICA T
c = 4.E06 | _ o
e o > 0
-] 0 f=] g L 4.26E+05
N [ - o
o N -
B 5 2.E06 | = o
g 2 (73
Qo - (©
§ o 1000 H(zoe)mon g /V \
-2E-05 = 0.E+00 4.21E+05
-700 0 700 0 100 200 300 400 -1000 -500 0 500 1000

Magnetic Fleld (Oe)

Temperature (K)

Magnetic Field (Oe)

Figure 3. Magnetic properties and magnetoresistance. (A) Magnetization versus magnetic field was measured for a sample of 48 MLD cycles. The
sample was measured at 5 K (blue dots) and 300 K (red dots). The film was deposited on a Si substrate then covered by 20 nm of aluminum as a
barrier to oxidation. (B) Temperature dependence of magnetization under magnetic field of 200 Oe, while the inset shows the hysteresis loop
measured at 400 K. (C) The magnetoresistance curves of a V(TCNE),(50 nm)/LAO(1.2 nm)/LSMO(50 nm) junction measured at 20 K with a
bias field of 1.5 V. The red (blue) dots are the data collected with increasing (decreasing) magnetic field.

TCNE* + xV(CO)g
— TCNE—(V(CO),),* + (6 — y)CO

TCNE—(V(CO),),* + zTCNE
— TCNE-V,—TCNEz* + xyCO

where the asterisks indicate the surface species.

To investigate the behavior of MLD, the deposition was
monitored by a quartz crystal microbalance (QCM). Figure la
shows the response of QCM to deposited mass during several
cycles as it reached steady growth state. The deposited mass
increased upon the exposure to V(CO), and TCNE vapor. The
inset in Figure la shows the response of QCM within one
cycle, which demonstrates the self-limiting feature of MLD.
Comparing to V(CO), the exposure of TCNE results in a
lower absorption rate. The low rate is attributed to the low
vapor pressure of TCNE which is about 3 orders of magnitude
lower than that of V(CO),. Figure 1b shows mass gain versus
number of cycle for a deposition of 48 cycles. The deposition
holds an overall constant growth rate with a curvature in first 15
cycles, whereas the curvature is a sign of the initial nucleation
process.

This MLD deposition results in an average growth rate
measured by AFM of ~0.98 nm per cycle (Figure lc). This
value is in reasonable range where, corresponds to the distances
of two vanadium atoms in V-TCNE-V structures of cis- and
trans-orientations.>” Incorporating the result from QCM,
density of the film can be estimated as ~1.5 g/ cm® from the
mass gain per cycle (~150 ng/cm?®), which is larger than that of
solution-made V[TCNE]_, that is approximately 1 g/cm?>°
The appearance of the film was visually uniform with no sign of
uneven thickness. Figure 2a shows an AFM image of a MLD
deposited film displaying uniform surface morphology over the
whole scan area with spherical surface feature. The surface root-
mean-square roughness was measured to be ~0.5 nm, which is
a typical roughness for ALD/MLD processed films.

X-ray photoelectron spectroscopy (XPS) was used to
determine to the chemical composition of the film. The
elemental analysis of a sample shows that the thin film has a
chemical composition of VC; 3N, ;O 3, which suggests a TCNE
to V ratio of 0.63. Without considering the adventitious carbon
that is normally located at 284.8 eV, the C to N ratio is 1.58:1
that is close to that of TCNE. The oxygen content can be
mainly attributed to surface oxidation during as well as after
deposition. The presence of oxygen inside the film is further
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evident by XPS analysis after removing surface oxide by in situ
argon sputtering, that reveals a ratio close or lower than 0.6 O
per V atom in the bulk of the film (see the Supporting
Information).

In Figure 2a, the XPS showed two V 2p bands that range
from 528 to 510 eV are due to spin—orbit splitting. In each
band, the features that centered at 513.8 and 521.5 eV are
attributed to V**, whereas the high binding energy parts are
assigned to oxide species."" The corresponding oxygen band for
oxides was located at ~531 eV. In Figure 2b, a broad band of N
Is was observed with a weak shakeup satellite on the high
binding energy side. The shape of the band is similar to that for
N of V[TCNE], films made from CVD and PVD.'"'® The
band can be tentatively attributed to [TCNE]™ and [TCNE]*~
which was evident by FTIR spectroscopy (see the Supporting
Information). Although the overall spectra are consistent with
V[TCNE]., films made by CVD and PVD, the contents of the
oxidized species are higher in MLD sample which may due to
oxidation during deposition.

Magnetic properties of the MLD-made film were measured
by a SQUID magnetometer. The hysteresis loops of M vs H are
shown in Figure 3a demonstrates that this film is a room-
temperature magnet with coercivity of ~80 Oe at both 5 and
300 K. It should be noted that coercive fields of the films vary
slightly from batch to batch. The temperature dependence of
magnetization is shown in Figure 3b. The curve shows no
significant drop as temperature rises up to 400 K, the highest
temperature accessible in the SQUID magnetometer which
suggests that the MLD-made film has a higher Curie
temperature (T.) and/or thermal stability as compared to
CVD-made film. The hysteresis loop can clearly be seen even at
400 K (inset in Figure 3b). A local maximum in M vs H can be
observed at temperature above 300 K. The origin of this
maximum is not yet fully understood, though it may indicate
the presence of glass or cluster glass behavior resulting from
incomplete structural order that needs further study to
elucidate. In addition to magnetic properties, the activation
energy of charge transport has been measured as ~045 eV,
which is lower than that of CVD film (0.5 eV)® (see the
Supporting Information). The air stability in terms of film
electrical resistance has been measured (see Supporting
Information). Once the thin film is exposed to air, the film
resistance increased 50% within the first day and then starts
leveling off with an increase of only 13% in the following 4
days. The subtle continuous increase of film resistance is in part
due to the applied voltage. Base on the film resistance result,
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the MLD-made film shows much improved air stability as
compared to CVD-made film.

The feasibility of MLD laminated V(TCNE), films for use as
the spin polarizing layer in devices was tested via the standard
magnetic tunnel junction structure. 50 nm of La,/;Sr;;;MnO;
(LSMO) film on (001) (LaAlO;)y;(Sr,AlTaOy),, substrate
was employed for the counter magnetic layer and a layer of
three unit cells of LaAlO; (LAO) was used for the insulating
barrier. The size of devices was 200 gm X 200 ym. Both LSMO
and LAO thin films were prepared via pulsed laser deposition.®
Figure 3c shows magnetoresistance curves for an in-plane
magnetic field in a hybrid magnetic junction of MLD deposited
V(TCNE), (50 nm)/LAO(1.2 nm)/LSMO(80 nm) at 20 K
with an applied bias of 1.5 V. The red lines represent the data
recorded during a positive sweep of the magnetic field. The
blue line represent the data collected during negative field
sweeping. With sweeping of the magnetic field, the device
resistance becomes higher when the magnetizations of two
magnetic layers become antiparallel. The magnetoresistance
curves clearly show spin polarizing nature of MLD laminated
V(TCNE), film. The small percentage of magnetoresistance in
this hybrid magnetic tunnel junction may be attributed to the
initial growth of MLD V(TCNE), film. The growth of MLD
film starts to nucleate on the substrate surface and needs
around 10—15 deposition cycles before it starts to cover the
whole area at each cycle (see Figure 1b). This initial growth
mechanism could lower the spin polarization of the MLD film
near the interface, where it affects the injected electron spin
polarization at the device interface. Following several
approaches can be made to improve this hybrid magnetic
tunnel junction. (i) Selecting materials or engineering the
surface by methods such as applying self-assembled monolayer
that help initial growth of MLD-made V[TCNE], film and
improve interfacial spin polarization. (ii) Precise control of
optimal condition for MLD deposition could also help to
improve interface quality. (iii) Scaling down the size of device
will reduce the effect of defects at the interface.

4. CONCLUSION

In summary, thin films of the laminate of vanadium and TCNE
were successfully fabricated via MLD. The resulting film is
uniform with film thickness as low as few tens of nanometers. It
shows a large coercive field and high T. and/or thermal-
stability. Air-stability is significantly improved as well. It has
been tested as active layer in a standard magnetic junction
structure, and the magnetoresistance has been observed.
Meanwhile, room-temperature MLD of charge transfer/
magnetic thin film was demonstrated for the first time. With
the magnetic and electronic properties and the simplicity of the
fabrication method, thin film organic-based magnets are
promising materials for development of next-generation spin-
related applications.
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Percent concentration change of V and O upon in situ Ar
sputtering, FTIR, measurement of activation energy, and
measurement of air stability. This material is available free of
charge via the Internet at http://pubs.acs.org.
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