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Crystalline Inverted Membranes Grown on Surfaces
by Electrospray lon Beam Deposition in Vacuum

Stephan Rauschenbach,* Gordon Rinke, Nikola Malinowski, R. Thomas Weitz,
Robert Dinnebier, Nicha Thontasen, Zhitao Deng, Theresa Lutz,
Pedro Martins de Almeida Rollo, Giovanni Costantini, Ludger Harnau, and Klaus Kern

The properties of organic thin film devices such as displays or
solar cells critically depend on the homogeneity, cleanliness and
crystallinity of the organic layers they are made of.!l Vapor depo-
sition in vacuum is the technology of choice for fabricating such
films since it allows controlling the internal structure of the
materials at the microscopic level. However, this technique is
not applicable to a large fraction of functional organic molecules
that cannot enter the gas phase due to their thermal instability.

Electrospray ionization (ESI) is capable of creating intact
gas phase ions of such nonvolatile molecules, thereby greatly
extending the scope of mass spectrometry.l?l Moreover, electro-
spray ion beam deposition (ES-IBD) has recently been devel-
oped as a method capable to deposit nonvolatile molecules
on surfaces in vacuum.’=l Due to the low intensity of ESI
sources, morphology and microscopic structure of films grown
by molecular ion beams were rarely the subject of investigation
and so far, neither multilayered nor crystalline growth could be
evidenced.[*-8]

While neutral atoms and molecules from thermal sources
(25-100 meV) are used in conventional thermal evapora-
tion, ES-IBD employs charged molecules with hyperthermal
energies (2-100 eV). These differences have the potential
to significantly change the molecule-surface and intermo-
lecular interactions as well as the thermodynamics of the film
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growth. Thus, the question must be raised whether crystalline
growth with ES-IBD is possible at all and how the character-
istics of the charged, hyperthermal molecular beam influence
the crystal structure and morphology of the deposited films.
Moreover, the fact that ion beams can be manipulated by elec-
tric fields might offer additional leverage to control the film
growth.

In the following we show that ES-IBDB4® is a versatile
method for the vacuum growth of crystalline organic films,
whose constituents are not compatible with conventional,
evaporation-based organic molecular beam epitaxy. As a model
system we use sodium dodecyl sulfate (SDS), a nonvolatile
organic salt widely employed as surfactant. Ion beams of large,
multiply charged clusters of SDS, controlled with respect to
composition, flux and energy, are deposited on silicon oxide,
graphite and copper surfaces by ES-IBD under (ultra-) high
vacuum conditions. Cluster beams allow a high flux deposition
by which stable and homogenous multilayered films can be
formed that are characterized by scanning probe microscopy
(SPM) and X-ray powder diffraction (XRPD). Phases consisting
of molecules in flat laying and inverted membrane configu-
ration are found. Their basic structural motive is always a
head-to-head and tail-to-tail configuration characteristic of
amphiphilic molecules. This study paves the way for a chemi-
cally controlled vacuum growth of novel thin films based on
nonvolatile materials. The fabrication of crystalline coatings
from polymers,”! proteinsi? or coordination compounds!® can
be envisioned.

Figure 1a outlines the different steps of an ion beam depo-
sition experiment. A key advantage of ES-IBD is the capability
to fully characterize the ion beam before deposition with
respect to kinetic energy, ion current, chemical composition
and purity.l First, positively charged SDS ion beams were cre-
ated by electrospray ionization (ESI) and characterized in situ
by time-of-flight mass spectrometry (TOF-MS). These SDS
ion beams were guided by transfer ion optics to the deposi-
tion target,l which was either graphite or silicon oxide (SiO,),
later characterized ex situ using AFM, or a single crystal
Cu(001) surface characterized in situ with STM. An incidence
energy of 5-25 eV per charge is set by applying a voltage to
the sample. Deposition currents of up to 250 pA were meas-
ured at the sample position, monitored in real time during the
deposition.

Mass spectrometry shows that ESI generates charged clus-
ters of SDS (sketched in Figure 1a) from a 10 mM solution of
the molecules in water and methanol. A typical mass spectrum
is displayed in Figure 1b. The size of the clusters (n = number
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clusters contribute most of the electrical
current and appear with high intensity in
the mass spectra, but the major amount of
SDS molecules is contained in large, highly
charged clusters of low mass-spectral abun-
dance. The extrapolation of this trend to
higher m/z suggests that the average cluster
size and, hence, the material flux is probably
very large, because the unresolved intensity
beyond 3500 Th was not included in this
analysis. More advanced mass-spectrometers
than the linear TOF in our apparatus could
resolve larger clusters and thus allow for a
more precise measurement of the material
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surface after deposition can be measured and
used to determine the average cluster size in
the beam independent from mass spectrom-
etry. Moreover, such an analysis includes all
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Figure 1. a) Scheme of the IBD Experiment. Molecular structure of the SDS molecule,
Na*[SO4(CH,)17CH;]", m =288 u, Na - gray, S - yellow, O - red, C - blue, H - white. Formation
of inverse micelle SDS clusters by electrospray ionization. Layer formation on the substrate in
vacuum. b) ESI-TOF mass spectrum of a SDS cluster beam from a 10 mM solution as used for
deposition. The peaks are labeled with the charge state z (red) and number of SDS molecules
n (blue) of the corresponding cluster ion. The inset magnifies a part of the mass spectrum in

which high charge state clusters with a high mass are clearly identified.

of SDS molecules) and their charge state (up to z = 6) are indi-
cated for each peak by blue and red numbers, respectively.
In analogy to other charged surfactant aggregates it can be
expected that SDS clusters in vacuum have an inverse micelle
configuration, in which the hydrophobic part of the molecule
forms a shell around an ionic core.’” Limited by the resolu-
tion of our TOF-MS, clusters were observed up to m/z-values
of 7000 Th with charges up to z = 6. The absence of contam-
ination or solvent molecules is evidenced by the fact that all
peaks can be identified as positively charged clusters composed
of SDS with one or several excess Na* as charge carriers. The
purity of larger clusters can be confirmed through their low
m/z fragments, which do not show signs of contamination.
Satellite peaks next to intense, single charged peaks (marked
with 7 in Figure 1b) are an indication of a small concentration
of K* ions.

Essential to each deposition technique is the control of the
material flux. In case of ES-IBD this can be done conveniently
by measuring the deposition current. However, for cluster
beams, the average mass-to-charge-ratio has to be determined
to relate the accumulated charge to the amount of material; a
task which is not trivial for beams containing many different
cluster ions. Our analysis of the well resolved charge states
z = 1-5 of the SDS mass spectra up to m/z = 3500 Th yields
an average cluster size of approximately 5 molecules per
charge.l'!l We find that in this range small, lowly charged

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

clusters contained in the ion beam and thus
offers a possibility to quantify the deposition
rate. The precise knowledge of the molecular
structure of SDS films is the prerequisite to
extract the total amount of deposited material
from the surface coverage observed by atomic
force microscopy (AFM). The time-integrated
ion current measured on the sample yields the
deposited charge. For the given conditions in
our deposition experiments these quantities
allow an estimate for the average cluster m/z-
ratio of 5000 £ 900 Th, which corresponds to approximately 17
molecules per charge; as expected much more than the number
of 5 molecules per charge roughly estimated from TOF-MS
measurements.

As suggested by mass spectrometry, this evaluation shows
that large clusters with high m/z values contribute the major
part of the material flux. Since the ions produced by ESI
are only limited in m/z-ratio but not in absolute mass, this
implies that much higher deposition rates can be achieved
with cluster beams as compared to single molecular ion
beams.®13] Based on the values for the average m/z-ratio
obtained from the first deposition experiments, we are
able to quantify the deposition rate. For our sample area of
12.5 mm? and deposition currents of up to 250 pA a com-
pletely closed double membrane layer requires a deposited
charge of 346 pAh, hence multilayered films are fabricated
within a few hours.

Using AFM on graphite and SiO, we found SDS films of
submonolayer up to multilayer coverage (Figures 2 and 3).
The films were stable in air on the timescale of days when
gentle scanning conditions are applied (for details see sup-
plementary information V). The main features observed
on graphite and SiO, surfaces are flat compact islands of
(3.7 £ 0.4) nm height (Figures 2 and 3). They develop at
submonolayer coverage (Figures 2a and 3a) and continue
to grow as stacked layers of uniform height with increasing

Adv. Mater. 2012, 24, 2761-2767



A

ADVANCED
MATERIALS

Mo \iew’S

www.MaterialsViews.com

@ P topography

www.advmat.de

height / nm

distance /nm counts /a.u.

i)

vl o
L_____gphie |

graphite

150

300
distance /nm

counts /a.u.

Figure 2. SDS layers on graphite. a) AFM topography and phase image showing two types of domains at submonolayer coverage. b) Cross section
(indicated A) and height histogram. Tentative molecular model for SDS sub-monolayers. ¢) AFM topography of multilayer coverage of SDS on graphite.
d) Cross section (indicated B) and height histogram. Schematic model of the multilayer molecular structure.

coverage (Figures 2c and 3b). On graphite an additional
type of (0.6 £ 0.2) nm high domain is observed amidst the
dominating higher islands, which can be best observed in the
AFM phase image (Figure 2a) due to the higher contrast. This
second type of island is present at submonolayer coverage
but disappears at higher coverage. Similar domains are most
probably present also on SiOj, although a direct imaging by
AFM is hindered by the roughness of the amorphous sub-
strate. A closed molecular layer of about 0.6 nm height could
in fact explain why the first SDS terrace on SiO, is found to
be consistently lower than the successive ones at a value of
(3.0 £ 0.4) nm (Figure 3c).

The island distribution on both, graphite and SiO,, sub-
strates is homogeneous in size and density over the entire
width of the sample. This indicates growth from a well-defined
ion beam, delivering SDS cluster ions homogeneously distrib-
uted across the surface. In particular the deposition of droplets
can be excluded, since this would lead to an inhomogeneous
material distribution, characteristic for shattered, dried up
droplets (shown in supporting information VI, Figure S2). The
observed islands are thus the result of diffusion and agglom-
eration and their large lateral dimension of 50-500 nm on both
substrates suggests a significant surface mobility of the depos-
ited material.

At submonolayer coverage the SDS islands exhibit a well-
defined, characteristic morphology with straight edges on both
SiO, and graphite, indicative of crystallinity. Suggested by the
morphology of the film in Figure 2a, upon coalescence the
domains keep their orientation, and thus the resulting closed
film is expected to be polycrystalline. Islands with straight edges
are particularly pronounced at low coverage for both phases on
graphite (Figure 2a and 4b) while, at higher coverage, rounded
islands can be observed in the elevated layers of the SDS-film
(Figure 2c). The domain edges are found to align with the three
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principal crystallographic directions of the graphite surface
forming characteristic angles of 120° between them (Figure 4b).
On the contrary, the amorphous SiO, surface does not select
any specific edge direction and the islands tend to have a more
rounded morphology at submonolayer coverage (Figure 3a),
while only in higher layers straight edges can occasionally be
found (see inset Figure 3b).

To determine the molecular interactions responsible for
the structure of the fabricated films it is helpful to compare
the island morphology observed by AFM (Figures 2 and 3)
to the anhydrous forms of bulk SDS crystals grown from
solution."*31 All SDS crystals grown in solution have the
shape of {100}-oriented platelets with alternating polar and
apolar regions typical of surfactant bilayers, where molecules
are ordered in a head-to-head and tail-to-tail manner.'* Within
each layer the molecule’s main axis is oriented almost perpen-
dicular to the {100} face so that the spacing between bilayers is
about 3.8 nm. Two major binding forces determine the growth
of SDS crystals: ionic/dipole in the polar region and van-der-
Waals in the apolar region. The combination of these two inter-
actions in an aqueous medium results in a significantly lower
surface energy of the metal-sulfate terminated {100} planes
and therefore in the observed plate-like crystal morphology.

The expected lamellar thickness of 3.8 nm agrees well with
our observation,!® indicating that the vacuum-grown SDS
structures on graphite and SiOy can be identified as molecular
double layers of upright standing SDS molecules. However, for
the bilayers composing the films grown by ES-IBD, we expect
an inverse membrane configuration terminated by aliphatic
chains (see Figures 2b, 2d and 3d). In fact, due to the missing
hydrophilic-hydrophobic interactions, the growth in vacuum is
dominated by the ionic/polar interaction between the NaSO,—
groups, implying that inverse bilayers are the more stable
double layer structure in vacuum.
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Figure 3. SDS layers on SiO, a) AFM image at submonolayer coverage. b) AFM image of multilayer SDS islands; cross section indicated. Inset: edge
filtered image: red arrows point out straight edges. c) Cross section: first SDS layer (3.0 nm) and 3 stacked double layers (3.7-3.8 nm). The height
histogram is derived from the whole AFM image 3b. d) Schematic model of the layer formation for SDS on SiO,.

To confirm the crystallinity and molecular structure of the
films, X-ray powder diffraction (XRPD) measurements were
performed on SDS layers on graphite after the deposition
of approximately 450 pAh, which corresponds to a coverage
of 1.3 monolayers of the upright standing double membrane
phase. Under these conditions we still expect the presence both
phases—flat laying and upright—at the surface, because in the
observed island growth mode higher layers are formed before
the first one is closed (see Figure 2c).

Two types of Bragg reflections could be identified in the dif-
fraction pattern: intense peaks belonging to the graphite sub-
strate and a set of reflexes, five orders of magnitude smaller
(Figure 4c). Assuming a mixture of 90% 2H and 10% 3R
graphite, the intense reflections could be satisfactorily fitted
by whole powder pattern fitting (WPPF, see supplementary
information IV for details). The Bragg peaks of low intensity
mostly belong to (h00) reflections, while mixed indices occur
only at higher diffraction angle (marked with 1 in Figure 4c).
Two different SDS phases with slightly different lattice parame-
ters were identified, both showing the characteristic long a-axis
of approximately 4 nm, with 0.47 nm and 0.83 nm for b- and
c-axes of a nearly orthorhombic unit cell. These values are sim-
ilar to the literature values on anhydrous SDS crystals grown
from solution (¢ = 3.91 nm, b = 0.47 nm, a = 0.82 nm),**?!
and are in agreement with the data obtained from the AFM

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

measurements (3.8 nm height), confirming the crystallinity of
the fabricated SDS films on graphite and their membrane-like
molecular structure.'7]

While AFM and XRPD measurements explain the structure
of the inverse membranes of upright standing molecules, the
structure of the layer of flat laying molecules remains to be dis-
cussed. The height of 0.6 nm observed by AFM on graphite fits
with the size of the a- or b-axes of the bulk phase, supporting the
interpretation as a layer of flat laying molecules (see Figure 2).
However additional evidence is needed, since no molecular res-
olution was achieved by ambient condition AFM and moreover
the height measured in AFM is an interaction distance, given by
the range of the force between tip and sample, rather than the
actual molecule’s size.

Several examples of coatings of flat laying amphiphilic
molecules have been reported at liquid-solid interfaces and
at surfaces in vacuum.'”! In the following, this possibility is
further explored using in-situ scanning tunneling microscopy
(STM) to validate our interpretation with high resolution data.
A submonolayer coverage of SDS was deposited in UHV on a
single-crystal Cu(001) surface. To avoid thick insulating films
that would inhibit STM measurements, only a small amount
of light SDS clusters (m/z < 5000 Th) were mass-selected
and deposited. As already observed on graphite and SiO,, we
find that SDS has an extremely high surface mobility also on

Adv. Mater. 2012, 24, 2761-2767



ADVANCED
MATERIALS

M \IW‘"§

www.MaterialsViews.com

graphite

www.advmat.de

directions. Equivalently, the observation
of only three domain orientations for the
flat laying SDS phase on HOPG suggests
that the islands are aligned along the
main surface directions of the three-fold
symmetric graphite surface (Figure 2a).
The existence of a flat laying phase on
copper confirms the interpretation of
the 0.6 nm thick domains observed on
graphite as being composed by molecules
adsorbed parallel to the surface. We expect
the formation of a similar phase also on
SiO,, although the higher roughness of
this substrate prevents this adlayer from
being directly revealed in AFM measure-
ments. Vice versa, we cannot exclude the
existence of an upright standing molecular
phase on Cu(001), which could however
not be imaged in STM. In fact, the fuzzi-
ness of the STM images as well as fast tip
degradation suggests the presence of either
mobile molecules or of upright standing
molecular domains with a low tunneling

10 20 30 40 50 60
20 / degree

Figure 4. Crystalline ordering in submonolayer coverage of SDS on graphite observed in AFM

conductance.

It is the hierarchy of molecule-surface
and intermolecular interactions that
determines the structure, morphology
and texture of the SDS crystals on sur-
faces. The combination of strong attrac-

70 80

and XRPD. a) Magnified large islands. The inset shows an edge filtered image, highlighting the  tive interaction between the sodium-

facets of the crystallite. b) Edge filtered overview AFM-image. The long parallel edges of the islands
follow three preferential growth directions; highlighted by green, red and blue. c) X-ray powder
diffraction ©-20 scan of 1.3 monolayer SDS deposited on graphite by ES-IBD in vacuum. Reflexes
of the SDS layers are visible on top of an intense signal from the graphite substrate; three peaks
at 20=26°, 55° and 87°. Most SDS peaks correspond to scattering from [h00] planes, while some

reflexes contain contributions from the a- and b-axes (indicated by ).

Cu(001). Nevertheless, if the measurements are performed
at 40 K, the diffusivity is sufficiently inhibited to allow the
imaging of stable domains with molecular resolution already
at submonolayer coverage. Even at low temperature this is not
observed on graphite, indicating a stronger interaction of SDS
with the Cu(001) surface.

Figure 5a shows domains of flat-laying SDS molecules
adsorbed on Cu(001). The islands have a characteristic elon-
gated shape and grow along four directions separated by
45°. Magnified STM images (Figure 5c) reveal the presence
of regular bright lines oriented along the main axis of the
islands. Fourier transformed STM images (Figure 5b) reveal
a periodicity of (3.4 £ 0.4) nm corresponding to a molecular
double row, and (1.7 £ 0.2) nm for the single molecular row
respectively, indicated in the tentative model in Figure 5d.
Despite the strong binding to the Cu(001) surface, the head-
to-head, tail-to-tail alignment of the SDS molecules prevails,
further proving that this is the energetically favored con-
figuration. On the two-fold symmetric Cu(001) surface the
observed 45° separation between successive island orienta-
tions implies that their long axis must be rotated by 22.5°
with respect to the [110] and [-110] principal crystallographic

Adv. Mater. 2012, 24, 2761-2767
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sulfonate groups and weak interaction
of the lengthy alkyl chains enforces a
head-to-head and tail-to-tail ordering. As
a consequence, SDS dimers are the basic
structural feature in the inverted double
layer membranes and the flat laying
double row aggregates.

On a subordinated hierarchy level of interaction, the sur-
face influences the packing and ordering of the SDS molecules
within the layer. In an ideal double layer system straight SDS
molecules are oriented as illustrated in Figures 2b,d and 3d,
but the interaction with the substrate could in principle perturb
the system. However, a lateral or vertical shift of a SDS mole-
cule from its ideally packed position requires a significant loss
of the van der Waals interaction energy due the displacement
of eleven internal CH, groups, one terminal CH; group, and
the SO, group. This loss of energy cannot be compensated by
the non-bonding substrate—-SDS molecule interaction, which
mainly involves the interaction between the substrate and the
terminal CHj group. Thus the weak coupling of SDS to the
substrates competing with the strong intermolecular interac-
tions of the aligned aliphatic chains leads to the characteristic
morphology of the SDS layers growing on graphite, SiO, and
in higher SDS layers. As a direct consequence of this interplay,
the upright standing, double layer configuration is preferred on
all substrates at sufficient coverage, while the flat laying phase
does not continue to grow into the third dimension. The influ-
ence of the surface is expressed only through a template effect
on the island orientation on the crystalline surfaces of graphite
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Figure 5. UHV-STM topography of SDS submonolayer on Cu(001) deposited by ES-IBD. (T
=40 K) a) Rod shaped islands following four orientations. (gap voltage —2V, tunneling cur-
rent 100 pA, a tip artifact possibly caused the inverted contrast.) b) Two dimensional Fourier
transformation of SDS islands on Cu(001). Peaks corresponding to single and double rows are
visible. Three domains rotated by 45° are visible, the fourth was not present in the STM image
(see supporting information VII, Figure S3). c) Magnified SDS domain: stripes correspond to
double rows of SDS. (bias 2.2 V, tunneling current 100 pA), d) Tentative model of the adsorp-

tion geometry.

and copper and in slight deviations from the bulk crystal
structure.

In addition, the soft deposition of large inverse micelle clus-
ters might further influence the structure formation. Clus-
ters adsorbed in this configuration have the aliphatic chains
pointing to the outside where they bind weakly to the substrate
surface. We hypothesize that large clusters stay intact during
deposition, are mobile as whole entity and preferably fuse into
larger islands of upright standing SDS molecules in inverse
membrane configuration.

In summary, ion beam deposition proves to be a suitable tool
for the growth of crystalline thin films of nonvolatile molecules
at surfaces. The deposition of SDS cluster ion beams on solid
surfaces in vacuum results in stable molecular films. Inverted
double-membranes as well as a flat laying phase were obtained,
all exhibiting characteristic features of crystalline ordering, such
as a constant layer thickness, low roughness, and characteristic
domain shapes. The hydrophilic-hydrophobic interaction is not
present in a vacuum environment, yet the hierarchy of bond
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strength given by the molecular structure
of the amphiphiles leads to the growth of
nanostructures that still arrange into a head-
to-head and tail-to-tail configuration.

Only few methods to deposit unsublimable
molecules in vacuum exist as an alternative
to the presented ES-IBD scheme.l?% Ordered
molecular structures were so far only dem-
onstrated by matrix-assisted laser desorption
ionization (MALDI) ion beam deposition of
insoluble molecules!?!! or by the direct injec-
tion of an electrospray into a differentially
pumped vacuum apparatus without using
mass filters or ion optics.??l A great deal of
large functional molecules are made via solu-
tion based organic synthesis or are of biolog-
ical origin and are thus necessarily soluble.
For example, proteins and peptides, both
easily ionized in ESI, represent vast classes
of functional molecules. Well-defined crystal-
line films from such soluble yet nonvolatile
molecules can now be prepared by ES-IBD
on technologically relevant surfaces which can
even be insulating, as shown for SiO,. Thus
ES-IBD represents a hybrid technology useful
for top-down and bottom-up approaches. It
can be used to fabricate thin films on a macro-
scopic scale that could be structured by top-
down techniques, and as well to deposit com-
plex functional entities, that self-assemble
into nanostructures from bottom up.

In comparison to other ion beam deposi-
tion techniques, ES-IBD has the advantage of
an intense, continuous, fully controlled beam,
allowing to deposit with reasonable rates.
Up to one monolayer per hour per square
centimeter is possible, which could even be
increased using cluster beams as presented
here. In general, the use of charged particles
or cluster beams is an additional advantage
since it allows to use ion optics to pattern the deposition or to
exploit reactive landing”) to fabricate materials that could not be
grown ex situ or through conventional vacuum processing. Fur-
thermore, the presented cluster deposition approach suggests
another possibility of ES-IBD, which is the vacuum deposition of
nanoparticles, which are generally nonvolatile. In fact our depo-
sition experiments show that the average SDS cluster contains
17 molecules per charge and carries 25 charges. This aggregate
of 425 molecules has a mass 1.2 x 10° u and a diameter of 7 nm
and as such represents what is defined as a nanoparticle.!!!
Hence, this work demonstrates the possibility to charge nanopar-
ticles highly and use them like a molecular cluster ion beam for
analytical and preparative applications.

Cu (100)
2.54 A
H

Experimental Section

All samples are prepared by electrospray ion beam deposition (ES-
IBD) of sodium-dodecyl-sulfate (SDS) cluster beams in (ultra-)high

Adv. Mater. 2012, 24, 2761-2767
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vacuum (see supporting information I). ES-IBD as a method to deposit
nonvolatile materials on solid surfaces in vacuum has been developed
recently.>®23 In our laboratory we set up an instrument that is designed
particularly for vacuum deposition under highly controlled conditions as
described in detail elsewhere.[*6]

Silicon (SiO,, 1-2 nm native oxide) and graphite surfaces are
prepared ex situ and placed in high vacuum for deposition and analyzed
by tapping mode atomic force microscopy (AFM) in air. X-ray powder
diffraction (XRPD) measurements were performed ex situ with graphite
samples. The copper surface Cu(001) is prepared in situ under ultrahigh
vacuum (UHV) conditions, transferred in situ to the deposition and back
to the scanning tunneling microscope (STM) for analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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