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acuum-based deposition is one of
the key technologies needed to
produce surface coatings for a wide
variety of applications. Although often
more cumbersome than processing at ambient conditions (e.g., solution processing),
vacuum deposition allows the ultimate tunability of many essential processing parameters, for instance, substrate temperature,
deposition rate, or deposition amount. This
results in unsurpassed control over the
structure, chemical state, and morphology
of the final surfaces. The conventional way
to produce thin films under vacuum passes
through the sublimation and the subsequent condensation of the deposited material. Such vacuum processing, however, is
often impossible for large molecules and
nanoparticles because of their thermal instability or their low vapor pressure. This
represents a major drawback for many applications where the use of complex functional molecular units would be beneficial.
In general, large molecules or nanoparticles
are stable in vacuum, but the controlled in
situ fabrication of a surface coating is problematic due to difficulties in bringing them
into the gas phase.
The discovery of electrospray ionization
(ESI)1,2 and matrix-assisted laser desorption
ionization (MALDI)3 made nonvolatile molecules available in the gas phase as molecular ions. ESI and MALDI ion sources are
widely applied in mass spectrometric analysis, providing an essential tool for the identification of biological molecules, particularly proteins.4
With these ion sources available, ion
beam deposition (IBD) becomes a viable al-
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Electrospray Ion Beam Deposition:
Soft-Landing and Fragmentation of
Functional Molecules at Solid Surfaces

ABSTRACT The ion beam deposition (IBD) of rhodamine dye molecules on solid surfaces in high vacuum is

explored in order to characterize the possibility of fabricating molecular coatings or nanostructures from
nonvolatile molecules. Molecular ion beams with a well-defined composition are deposited on silicon oxide
surfaces with a controlled kinetic energy. Photoluminescence spectroscopy and time-of-flight secondary ion mass
spectrometry (TOF-SIMS) are employed in order to characterize the sample with respect to coverage, homogeneity,
and the fraction of intact landed ions (soft-landing ratio). We find that homogeneous rhodamine films of defined
composition can be produced at energies of 2ⴚ100 eV. The coverage is found to be proportional to the ion dose.
Soft-landing is observed for energies up to 35 eV.
KEYWORDS: electrospray · ion beam deposition · soft-landing · rhodamine · mass
spectrometry · molecular ions · fragmentation · SIMS · photoluminescence · fluorescence

ternative for the modification of surfaces
under well-defined high- or ultrahigh
vacuum (UHV) conditions, in particular
when conventional techniques such as
evaporation or chemical vapor deposition
fail to produce intact gas-phase molecules
or particles. Among such cases are molecular species that are promising building
blocks for complex nanoscale
architectures5,6 and for single-molecule
electronics.7⫺10 For these molecules, the
IBD approach enables in situ access to ultrasensitive, vacuum-based surface science
techniques such as scanning tunneling
microscopy (STM), photoelectron spectroscopy, or electron diffraction.
Soft-landing, the destruction-free ion
beam deposition of molecular ions,11 has
been the topic of numerous studies,12⫺14
most of them aimed at the purification or
enrichment of very rare and nonvolatile organic or biological compounds.15,16 In all of
those experiments, it has been demonstrated that it is actually possible to bring

*Address correspondence to
s.rauschenbach@fkf.mpg.de.
Received for review January 4, 2009
and accepted September 3, 2009.
Published online September 23,
2009.
10.1021/nn900022p CCC: $40.75
© 2009 American Chemical Society

VOL. 3 ▪ NO. 10 ▪ 2901–2910 ▪ 2009

2901

ARTICLE
Downloaded by MPI FUR FESTKOERPER UND METALL on October 27, 2009 | http://pubs.acs.org
Publication Date (Web): September 23, 2009 | doi: 10.1021/nn900022p

2902

nonvolatile compounds from a solution or matrix into
the gas phase and to deposit them on a surface,17,18
where they are present as molecular ion or as neutralized species.19 Among the molecules and particles that
have been successfully deposited or soft-landed from
ion beams under vacuum conditions are small organic
molecules,11,15,16,20⫺23 proteins and peptides,12,14,24,25
whole viruses,13,26 as well as metallic and semiconducting nanoparticles.24,27
The target substrates for deposition are typically metallic or semiconducting, but also self-assembled monolayers (SAM)14 and even liquid surfaces16 have been
used. It should be noted that IBD is still largely an academic research tool and the few existing experimental
setups are home-built machines of vastly different designs. Due to the fact that the goal of IBD experiments is
often the separation and enrichment of mass-selected
compounds, extensive characterization via mass spectrometry is typical, while properties such as homogeneity and coverage of the collected material have usually
received less attention. Therefore, results concerning
these properties are often not directly comparable
across different experiments, especially in cases where
the scope of the characterization of the deposited material and the beam fabrication and characterization are
not consistent.
For the vacuum deposition of nonvolatile molecules
and particles, only a few alternatives to IBD exist. Pulsed
valves,28⫺30 thermal shock evaporation,31,32 and stamp
techniques33 have been demonstrated in the last years.
Typically, these techniques are relatively easy to implement and do provide surface coatings in UHV, yet the
resulting films often lack homogeneity, purity, control,
or reproducibility.
In order to study the feasibility of IBD as a method
for surface modification, we use our ion beam deposition setup, which has been designed for general application with nonvolatile materials.24 Fluorescent molecules of the rhodamine family are used to create the
ion beams for deposition. Besides the importance of
these dye molecules for applications in optics34⫺36 and
life sciences,37 their strong fluorescence makes them an
excellent probe for soft-landing, which can be studied
ex situ after the deposition. Thereby, possible changes
in the molecular structure upon incidence can be reflected in the fluorescence response, for example, in an
intensity suppression or in a shift of the emitted wavelength’s center.
Molecular ion beams of rhodamine are created by
an electrospray ion source. These beams are characterized by in situ time-of-flight (TOF) mass spectrometry.
Mass selective ion optics are used to ensure the discrimination of the undesired species, resulting in a
chemically controlled beam which is then deposited at
a predetermined kinetic energy on a substrate in high
vacuum.
VOL. 3 ▪ NO. 10 ▪ RAUSCHENBACH ET AL.

After deposition, the samples are analyzed ex
situ by scanning photoluminescence (PL) spectroscopy and time-of-flight secondary ion mass spectroscopy (TOF-SIMS). The combination of these two
methods allows a quantitative determination of the
amount of material being soft-landed on the surface
and its spatial distribution. SIMS measurements provide information whether the deposited molecule is
present at the surface in intact or fragmented form.
From the relative abundance of the molecular and
fragment species in SIMS, the soft-landing ratio, defined as the ratio of intact ions to the total amount of
deposited ions, can be determined. Photoluminescence spectroscopy measurements are performed in
order to verify the characteristic fluorescence properties of the molecular species (spectral signature
and photobleaching). With this approach, we are
able to study the relation of the fluorescent intensity and the deposited dose which allows conclusions about the coverage. Lateral scanning measurements allow assessing the spatial homogeneity of
the molecular films.

Figure 1. (a) Scheme of the IBD experiment. The pressures
in the four differential pumping stages are given. ES, electrospray ion source; C, capillary; F, nozzle/fragmentor electrode; Sk, skimmer; Q1, collisional focusing RF-only quadrupole; Q2, mass selecting quadrupole; L, electrostatic lens;
MS, time-of-flight mass spectrometer; S-HV, sample holder
in high vacuum. (bⴚd) Scheme of the high vacuum sample
holder: G, retarding grid detector; P, cover plate; S, sample
(behind cover plate aperture); I, insulator. The current measurement principle is indicated in (d). The voltage Vsample is
applied to the deposition substrate to adjust the incidence
energy of the ion beam.
www.acsnano.org
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RESULTS
The Ion Beam Deposition Experiment. The IBD experiment
(Figure 1) consists of an electrospray ion source coupled
to a differentially pumped vacuum apparatus in which
the ion beam is formed, mass analyzed, mass selected,
and deposited onto a substrate (see ref 24 for details on
the apparatus). In brief, the ion beam is formed in the
first three pumping stages: ions generated by the electrospray (ES) enter the vacuum through a capillary (C)
and undergo a supersonic expansion upon leaving the
nozzle (F) due to the pressure difference. The ion beam
is skimmed (skimmer Sk) and collimated in the second
pumping stage by collisional focusing in an RF-only
quadrupole (Q1) operated at 0.01⫺0.2 mbar. Finally, a
second quadrupole (Q2) in the third pumping stage at
10⫺5 to 10⫺4 mbar is used to select the mass range of interest for the IBD. Further focusing and guiding of the
ion beam is done by electrostatic lenses (L), which include a set of steering plates each intended to adjust
the beam direction.
The orthogonal extraction linear time-of-flight mass
spectrometer (TOF-MS) in the fourth pumping stage (3
⫻ 10⫺7 mbar) can detect ions in a mass-to-charge
ratio range of 1⫺10 Th with a mass resolution of
m/⌬m ⬇ 350 and a dynamic range spanning up to
four decades.38 The main purpose of the TOF-MS in
the IBD apparatus is the characterization of the ion
beam before deposition in order to ensure that the
beam consists only of the desired ion species. This instrument can also be used to detect characteristic fragments of molecular ions created by nozzle-skimmer
fragmentation. This process may take place in the first
pumping stage if the declustering potential, defined as
the difference between the nozzle (F) and the skimmer
(Sk) voltages, is high enough to cause the rupture of
intramolecular bonds due to collisions of the energetic
ions with the background gas.39 Therefore, throughout
the text, the nozzle will also be referred to as fragmentor electrode and the applied voltage as fragmentor
voltage (Ufrag). The obtained fragmentation records provide a basis for comparison with mass spectra obtained by ex situ TOF-SIMS.
The ion deposition takes place in the fourth pumping stage. For this process, the mass spectrometer (MS)
is moved upward out of the beam axis and is replaced
by a sample holder (S-HV). In this assembly, the sample
(S) is mounted behind an aperture of 4.5 mm diameter
in the cover plate (P). Moreover, the sample holder integrates a retarding grid (G) detector. After the kinetic energy has been characterized,24 the ion beam is aligned
with the aperture in the cover plate using the steering
plates in the preceding electrostatic lens, directing the
ions onto the sample surface (see Figure 1). The ion
beam currents reaching the sample (S) and the cover
plate (P) can be continuously monitored, and the ion incidence energy can be adjusted by applying a voltage
to the sample (Vsample in Figure 1). Under the assumption

Figure 2. ESI-TOF mass spectra of Rho6G (a) and RhoB (b) for several fragmentor voltages. Below the mass spectra, the structure of
the intact molecule cation and one possibility for each of the first
two major fragments is displayed.

that all incident ions stick to the surface, the ion current measurement allows the amount of deposited material to be calculated if the charge state of the deposited molecules is known.
TABLE 1. Deposition Parameters of IBD Experiments with
Rho6G for TOF-SIMS Analysisa
ion
energy (eV)

ion beam current,
minⴚmax (pA)

duration
(min)

total dose
Dtot (pAh)

coverage
(103 mⴚ2)

coverage
(area %)

2
5
9
24
35
47
60
75
100
5(frag)

5⫺7
5⫺6
8⫺9
7⫺8
21⫺31
23
27
7⫺10
12.7
15

175
165
155
120
30
30
30
135
60
60

18.0
15.0
15.0
15.0
13.0
11.5
13.3
17.0
12.7
15.0

25.5
21.2
21.2
21.2
18.4
16.2
18.8
24.1
18.0
21.2

2.6
2.1
2.1
2.1
1.8
1.6
1.9
2.4
1.8
2.1

a

The critical parameters incidence energy, current (minimal and maximal), and duration of the deposition process are given together with the ensuing total dose
Dtot (measured in picoampere hours, 1 pAh ⫽ 2.25 ⫻ 10⫺10 e). The calculated coverage is also displayed as number density and, for orientation, as percentage of covered surface area assuming a flat arrangement and close packing of the molecules
at the surface.
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TABLE 2. Deposition Parameters of IBD Experiments with Rho6G for PL Characterizationa
ion
energy (eV)

ion beam current,
minⴚmax (pA)

duration
(min)

total dose
Dtot (pAh)

total
dose (norm)

fluorescence
yield (norm)

coverage
(103 mⴚ2)

coverage
(area%)

12
12
12
12
18
10

6.0⫺2.2
0.5⫺2.0
1.0⫺1.7
0.80
19⫺9
2⫺3

20
84
70
10
60
270

1.5
1.3
1.2
0.13
10.0
11.3

1.00
0.89
0.63
0.09

1.00
0.87
0.8
0.09

2.1
1.8
1.7
0.18
14.1
16.0

0.21
0.18
0.17
0.02
1.4
1.6

a
Shown are incidence energy, minimal and maximal current, and duration of the deposition process together with the corresponding total ion dose Dtot (measured in pAh).
To facilitate comparison, the fluorescence intensity and the total dose are normalized to the values of the first sample, the one with the maximal coverage. The first
four samples were measured with an identical set of spectrometer parameters to allow a meaningful comparison of the PL intensities with the total deposited
charge (total dose).
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In contrast to conductive samples, the use of insulat- only mode at a high voltage amplitude.24,40 In this mode
ing 200 nm thick SiOx substrates for some of the IBD ex- of operation a big m/z window is selected for transmisperiments precludes a direct measurement of the depo- sion. This procedure results in a highly pure beam consition current. In these cases, first the net current is
taining more than 95% of the desired ion species, intact
determined when the ion beam hits only the cover
rhodamine ions or rhodamine fragments, respectively,
plate. The current is then measured again after the ion
at intensities which are sufficient for deposition.
beam has been deflected onto the deposition spot usTime-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS). Samples
ing the steering plates in the lens preceding the sample of Rho6G prepared by IBD on SiO at incidence enerx
holder. The ion flux on the sample is calculated as the
gies of 2⫺100 eV are analyzed by static TOF-SIMS meadifference between these two currents.
surements (Table 1 and Figure 4). For comparison, refIn general, stable currents of 1⫺50 pA of singly
erence measurements of samples prepared by drop
charged rhodamine ions can be obtained for several
casting Rho6G and RhoB on SiOx substrates are perhours. The kinetic energy per unit charge is measured
formed (Figure 3). For the drop-coated reference
by a retarding grid detector biased against ground. Desamples of both substances, the lower mass-to-charge
pending on the beam adjustment, the ion energy relaratio range of up to 250 Th is nearly identical (upper
tive to device ground is typically found between 18 and
panel of Figure 3). Typical for SIMS in this m/z range, in30 eV with a distribution width of 2 eV. Moreover, the
beam energy is found to be constant during the depo- tense peaks that can be related to individual atoms
sition. For the experiments presented here, voltages be- from the SiOx substrate are observed along with less intense peaks corresponding to cluster ions formed durtween ⫹23 and ⫺75 V have been applied to the
⫹
41
samples, resulting in ion incidence energies between 2 ing the Ga bombardment. The two most intense
28 ⫹
⫾ 2 and 100 ⫾ 2 eV per charge at the sample. Details of peaks at 28 and 45 Th correspond to the Si ion and
28 16
⫹
Si
OH
cluster
ion,
respectively.
They
are evident
the
the ion beams used for deposition are given in Table 1
indicators of the presence of a silicon oxide surface
and Table 2.
Observations. ESI-TOF Mass Spectrometry. The first step of ev- and of adsorbed water molecules. Further, a variety of
cluster ions are observed. These clusters consist of atery ion beam deposition experiment is the generation
and characterization of the ion beam. Figure 2
shows ESI-TOF mass spectra for Rho6G and RhoB at
some characteristic fragmentor voltages Ufrag. The
two molecules are isomers (C28H31N2O3Cl), which results in both having the same base peak at 443 Th
representing the molecular cation in positive mass
spectra at low fragmentor voltages Ufrag ⫽ 50⫺200 V.
Higher values of Ufrag result in characteristic fragment peaks. The two most intense fragment peaks
for Rho6G are observed at 415 and 387 Th, while
RhoB shows intense peaks at 398 and 354 Th. Beams
of Rho6G generated at Ufrag ⬍ 200 V are used for
Figure 3. TOF-SIMS of reference Rho6G and RhoB samples preIBD of intact molecules, while for the deposition of
pared by drop casting on SiOx substrates. The low m/z range
fragments, beams created at Ufrag ⫽ 250⫺400 V are (upper panel) is almost identical for the two samples. In the
employed. The mass range lower than 200 Th might high m/z range (lower panel), the base peak at 443 Th corresponds to the intact molecule, while peaks at lower masses are
contain solvent residues and is therefore cut off by
related to rhodamine fragments or clusters generated by Gaⴙ
the low pressure quadrupole (Q2) operated in RFirradiation.
2904
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oms of all present species and of molecular fragments
at random composition.
A small amount of contamination is found due to
the fact that the samples were carried from the ion
beam deposition to the TOF-SIMS characterization
through atmosphere. Most pronounced are Na⫹ at
23 Th and carbon hydrates CxHy at multiples of 13, 14,
or 15 Th. Because SIMS is an extremely sensitive technique, these contaminations are always found if a
sample is handled in air and can only be avoided by in
situ UHV sample preparation and characterization.
The lower panel in Figure 3 shows the higher massto-charge ratio range of the SIMS mass spectra
(250⫺500 Th) obtained from drop-coated samples. In
contrast to the low mass range, the spectra of Rho6G
and RhoB are quite distinct from each other. The
rhodamine isomer base peaks at 443 Th are the most
prominent in both the Rho6G and the RhoB mass spectra, besides a hardly noticeable background of heavy
clusters generated by SIMS. Both base peaks at 443 Th
are accompanied by secondary peaks of lower m/z ratio with a characteristic spacing of 13⫺15 Th, related to
rhodamine fragments created by 15 keV Ga⫹ irradiation of the SIMS analysis beam. For Rho6G, only a few
of those peaks exceed the cluster background, while for
RhoB, a large number of intense fragment peaks appear, among which the peak at 397 Th is most
prominent.
Rho6G samples prepared by IBD exhibit qualitatively similar TOF-SIMS spectra as the drop cast reference samples, albeit, depending on the deposition energy, different relative peak intensities are observed
(Figure 4). Peaks in the higher mass-to-charge ratio
range are related to the intact molecule or to its fragments exceeding the cluster background. In particular,
the most prominent peak is found at 443 Th for all
samples except for the fragment deposition sample
and the sample prepared at 100 eV incidence energy,
where the peak at 415 Th dominates. The samples produced at 35⫺100 eV incidence energy show an additional intense peak at 415 Th, as well.
Photoluminescence. The photoluminescence (PL) spectra of Rho6G deposited on 200 nm SiOx by IBD show
the broad fluorescence signature between 500 and 600
nm that is characteristic of intact Rho6G (see Figure
5a). The overall intensity of this feature decreases with
measurement time due to photobleaching, a typical effect that accompanies the fluorescence of organic emitters. It confirms that rhodamine 6G is indeed observed.
The intensity integrated over the spectral feature, relative to the excitation photon flux, is used as a measure
of the uniformity of the spatial distribution as well as to
compare the amount of material deposited on different samples.
Spatial scans of the PL yield across two samples
with different coverage are shown in Figure 5b. The
fluorescent signal is nearly constant across the depos-

Figure 4. TOF-SIMS of Rho6G and Rho6G fragments on native SiOx
substrates deposited by IBD at incidence energies of 2ⴚ100 eV. Only
the high mass-to-charge ratio range is displayed. For IBD of intact
Rho6G, the peaks at 443 Th dominate the spectra up to 75 eV, and
above this energy, 415 Th becomes predominant. The fragment at 415
Th has a significantly increased intensity for ion incidence energies
above 35 eV. The spectra of samples prepared by depositing intentionally produced rhodamine fragments show intense peaks corresponding to the composition of the fragment ion beam used for deposition
(compare with Figure 2a at high values of Ufrag).

ited spot, which is 4.5 mm in diameter and corresponds
to the size of the deposition aperture in the sample
holder (Figure 1). In Table 2, the observed fluorescence
intensities are compared with the total ion dose derived
from the ion current measurement during deposition.
Values for fluorescence intensity and deposited dose,
normalized to the maximum, are given for samples that

Figure 5. (a) Room temperature photoluminescence spectra
of Rho6G on SiOx. The characteristic broad Rho6G fluorescence feature is observed between 500 and 600 nm. The
dashed line indicates the excitation wavelength. Photobleaching (the exposure time is indicated) leads to reduced
PL yield. (b) Photoluminescence intensity across the sample
acquired by lateral scans for two different coverages (dose
given in pAh). The luminescence intensity is integrated over
the wavelength range of 500ⴚ600 nm.
VOL. 3 ▪ NO. 10 ▪ 2901–2910 ▪ 2009
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were measured with the same settings of the PL spectrometer and can thus be quantitatively compared.
Both numbers represent a relative quantitative measurement of the coverage after the ion beam deposition. Although being derived from two independent
types of measurements, these values are clearly in good
agreement with each other. The determined coverage
values (see Table 1 and Table 2) correspond to a few
percent of a monolayer. At such low coverage, the fluorescence yield collected from the surface is proportional to the amount of deposited material.
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DISCUSSION
The presented IBD scheme allows complete control
of the deposition process at all stages. The ion beam
current, kinetic energy, and composition are adjustable
and can be monitored by an ESI-TOF-MS and a retarding grid current detector in the IBD chamber. Most notably, it ensures a deposition with an ion beam that consists entirely of intact Rho6G ionsOfree of
contamination by solvent molecules or fragmented
species. Control measurements show that no neutrals
are reaching the substrate surface (see Materials and
Methods for more detail). Thus, on the sample, one only
finds Rho6G from the ion beam or products of subsequent reactions, for instance, upon collision with the
surface.
Structural differences of the two isomers Rho6G
and RhoB are reflected in different fragmentation mass
spectra both in ESI-TOF-MS and in TOF-SIMS. In both
cases, the most abundant peaks form a characteristic
pattern (Figures 2 and 3). The specific characteristics of
these fragmentation patterns depend on the particular
mass spectrometric technique. Therefore, only a partial
match is observed between the corresponding spectra.
This is due to the differences in the fragmentation
mechanism and environment. In the case of the reference RhoB sample, the most intense peaks in TOF-SIMS
are 443, 397, and 354 Th (Figure 3). The latter fragments are abundant also in ESI-TOF-MS fragmentation
mass spectra (Figure 2b). On the contrary, the fragmentation pattern observed in ESI-TOF-MS for Rho6G (Figure 2a) is not reproduced by TOF-SIMS to that large extent (Figure 3).
Instead, fragment peaks of the reference Rho6G in
the TOF-SIMS spectra never exceed 10% of the base
peak intensity, which allows for an easy interpretation
of the Rho6G mass spectra observed with TOF-SIMS after IBD. In fact, the occurrence of peaks with significantly higher intensity relative to the molecular peak
at 443 Th can be correlated to a different origin than the
fragmentation by Ga⫹ bombardment, assuming that
drop casting deposits only intact molecules on the
surface.
The result of a TOF-SIMS analysis is strongly influenced by the chemical environment at the surface.
With respect to that, the two deposition techniques,
2906
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IBD and liquid deposition, can be considered as very
similar for a SiOx surface. In both cases, the rhodamine
6G is present as molecular cation accompanied by
nearby counterions. The Cl⫺ counterion is delivered to
the surface by the liquid deposition together with
Rho6G. In the other case, electronegative terminal oxygens at the SiOx surface provide a similar surrounding.
The binding state of the rhodamine ion is thus comparable since, in both cases, the rhodamine ion is interacting with its neighbors via ionic or ion⫺dipole interactions that are generally weaker than the covalent bonds
within the molecule itself.
In the case of the IBD experiment, fragments can
be generated by surface-induced dissociation due to
the energetic impact of Rho6G ions during deposition.
In order to determine the extent of this dissociation,
static TOF-SIMS measurements of the IBD samples are
analyzed as a function of deposition energy, in particular in the high mass-to-charge ratio range. At the SiOx
surface, the binding state of the fragment cations is the
same as for the intact landed molecules. Thus secondary ion yields of both species are comparable, and the
observed quantities can be directly related to coverage
ratios.
The probability that an intact Rho6G is fragmented
by Ga⫹ ions during SIMS is, to a high extent, independent of the technique by which the molecule has been
deposited on the surface. As a consequence, the observation of an identical ratio between the 443 and the
415 Th peaks for the low energy IBD and drop-casted
samples is a first indication that Rho6G molecules remain intact during IBD deposition up to 35 eV incidence
energy.
The soft-landing ratio, , is defined as the ratio between the number of intact molecules, N*, and the total number, N, of molecules deposited by IBD, thus
 ⫽ N*/N. A quantitative evaluation of  can be deduced from the intensity of the molecular and fragment peaks of the TOF-SIMS spectra in the high mass
range. Essential for this analysis is the consideration
that, at the deposition energy of 2⫺100 eV, the major
fraction of the incoming beam sticks to the surface,
even if the collision event results in fragmentation.14,42,43
Even though most molecules are heavily fragmented
by the energetic Ga⫹ analysis beam, the original ratio
of intact to non-intact molecules should be preserved
because the survival probability upon Ga⫹ impact
should be similar for high mass fragments like 415 Th
and the intact Rho6G.44 Since also the ionization cross
section can be assumed to be similar,  can be determined by the relative peak intensities of the TOF-SIMS
mass spectra in the high m/z range.
The TOF-SIMS spectra of the reference drop-coated
Rho6G samples show a ratio N415/N443 of less than 0.1,
where N415 and N443 are the integrated intensities of the
first two characteristic rhodamine peaks at 443 and
415 Th, respectively. According to this observation, a
www.acsnano.org
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relative error in the intensity of 10% is assumed and
the soft-landing ratio is calculated as  ⫽ N*/N ⫽
N443/(N443 ⫹ N415 ⫹ N387 ⫹ · · · ) and displayed in Figure
6 as a function of the incidence energy.
An almost constant value close to unity can be
found for energies up to 37 eV, decreasing slowly and
reaching 0.73 at the energy of 75 eV. For higher values,
more fragments than intact molecules are observed in
TOF-SIMS and, correspondingly, a soft-landing ratio below 0.5 is found at 100 eV incidence energy. A larger error bar has been considered for this value since the
background base signal in the corresponding TOF-SIMS
mass spectra is much increased. Furthermore, for these
high values of kinetic energy, a unity sticking probability of all molecules and fragments deposited cannot
be assumed any more. Similar behavior of the softlanding ratio has been observed for the deposition of
peptide ions on self-assembled monolayers.45
For a molecule to be soft-landed, the kinetic energy
must dissipate during the collision process, without
breaking of covalent bonds. The energy must therefore be distributed into vibrational and electronic degrees of freedom of molecule and substrate. Thereby,
none of the excited degrees of freedom must exceed a
certain fragmentation threshold. For metallic nanoparticles, an estimate of the soft-landing limit has been
found experimentally and by simulations to scale with
the size of the cluster as 1 eV/atom.46,47 Similar energies
have been observed for the soft-landing of complex
molecules of different size.14,19,20,25 In the case of
rhodamine 6G, the 1 eV/atom estimate results in a softlanding threshold of 64 eV. This agrees well with the energies for which we measure a decreasing soft-landing
ratio. However, the mechanisms involved in softlanding of molecules are still a field of lively
research.14,48 Future research with the IBD scheme demonstrated here will allow more elaborate measurements of the soft-landing ratio. In addition, the possibilwww.acsnano.org
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Figure 6. Soft-landing ratio as a function of incidence energy calculated from the high m/z range of the TOF-SIMS
data.

ity to couple UHV-based surface-sensitive analytics in
situ will add information about the involved processes.
Previous ion beam deposition experiments already
employed optical detection schemes such as fluorescence microscopy20,25 or surface-enhanced Raman spectroscopy18 to identify and quantify the amount of deposited material. In particular, fluorescent molecular
ions from an electrospray ion beam have been deposited on a metal surface with a high flux, and the amount
of material was determined by fluorescent spectrometry of the washed-off molecules in solution.20
In our experiments, the comparison of the relative
values for the coverage obtained by ion current integration and by PL shows a good agreement. In general,
an absolute quantification of the amount of deposited
material from the fluorescence yield is possible only after a suitable calibration against a known coverage
standard. However, our measurements demonstrate
that the ion current recorded during deposition proves
to be just as reliable for the determination of the coverage, in particular, since the charge state is typically
known after ESI-TOF mass spectrometry. While the indirect discrimination of intact molecules and their fragments by analysis of optical spectroscopic signatures
may be possible, SIMS provides more immediate,
chemically specific information.
CONCLUSION
The result of the electrospray ion beam deposition
(ES-IBD) at the given energies is complete or partial softlanding of rhodamine molecules as a homogeneous
layer across the whole deposition spot, which is shown
by fluorescence detected in the PL measurements in
combination with static TOF-SIMS. The measurements
show that the amount of material detected is proportional to the deposited charge and homogeneously distributed over a macroscopic length scale of several
millimeters. Moreover, the applicability of photoluminescence spectrometry for the quantification of the surface coverage after IBD as well as the reproducibility of
the deposition technique is demonstrated. IBD with in
situ ESI-TOF-MS characterization, energy, and current
measurement now allows the full control of the deposition process on a solid surface.
Our ion beam deposition setup has been developed to meet the requirements of in situ UHV analysis of the deposited molecules. On one side, this demands the preparation of atomically defined solid
surfaces and the possibility of their in situ characterization. On the other side, a deposition technique is
needed that provides a controlled surface modification, as it is the case with ES-IBD. The presented
setup has recently been extended by two further
vacuum stages and a link to an organic MBE system, allowing a deposition at 10⫺10 mbar onto a solid
surface that is prepared and checked by in situ STM
at the same base pressure. The coverages demonVOL. 3 ▪ NO. 10 ▪ 2901–2910 ▪ 2009
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strated in this paper can be produced in a reasonable time of several hours ranging from densities of
single molecules in the typical STM scan area of 100
⫻ 100 nm2 up to full monolayers.
Such molecular systems are ideal candidates for
investigations with surface science techniques, in
particular, using scanning probe instruments. A very
low coverage can be used to investigate the molec-

ular shape and electronic structure of molecules
preferably at cryogenic temperatures,49 and higher
coverage of up to a full monolayer can be used when
supramolecular assemblies are to be studied.5 Ion
beam deposition thus opens the way to investigate
the intrinsic properties of functional nonvolatile molecules and their reactions at surfaces under perfectly controlled conditions.

MATERIALS AND METHODS

TOF-SIMS Reference Samples. Reference samples for TOF-SIMS
measurements were produced by immersing clean Si samples
in a 10 M solution of rhodamine in water and ethanol (1:1) for
several seconds. After taking out, all solution remains are blown
off with dry nitrogen. The rhodamine film of samples produced
in this way is not visible to the naked eye. However, the coverage
has not been determined in further detail.
Photoluminescence Spectroscopy. For this study, two equivalent
setups were used to detect the fluorescence signal of rhodamine
on the 200 nm SiOx samples. Both systems employ laser excitation, notch filters to separate the elastic component from the
fluorescence signal, and multichannel spectrometers to detect
the optical spectrum.
In the first case, photoluminescence is excited and spectra are collected with a confocal microscope (Leica TCS SP2),
dispersed in an F/4 monochromator (ACR 300i) and recorded
with a 1024 channel CCD detector (PI-MAX) operating at
235 K.
In the second setup, micro-photoluminescence measurements are performed at room temperature using a continuous
wave frequency-doubled Nd:YVO4 laser operating at 532 nm. The
sample is mounted on a motorized xy-linear translation stage
whose motion is computer-controlled for exact positioning with
a precision of 50 nm. The laser beam is focused by a 20⫻ microscope objective on the sample surface to a spot diameter of
about 5 m. The PL signal is collected with the same microscope objective and is spectrally filtered by a 0.75 m focal length
spectrometer equipped with a liquid nitrogen cooled CCD
detector.
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS). Rhodaminecovered samples were analyzed by secondary ion mass spectrometry performed on a TOFSIMS 5 (IonTOF GmbH, Münster,
Germany) time-of-flight reflectron spectrometer. The instrument
was operated in static mode using a 15 keV Ga⫹ ion beam for
the characterization of the substrate surface. Positive ion mass
spectra are accumulated for 500 s from an area of 500 ⫻ 500 m2
over which the Ga⫹ beam is scanned. Samples analyzed by TOFSIMS have been exposed to air for several days during
transfer.
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Molecules for the Ion Beam. The dye molecules rhodamine 6G
(Rho6G) and rhodamine B (RhoB) (see Figure 2) are commercially available (Sigma Aldrich R4127 and R6626, respectively).
Thermal decomposition studies show that above 500 K both
molecules decompose during evaporation.50 The same study
also indicates that below that temperature the intact molecule
is evaporated. However, there are a few applications of
rhodamine 6G sublimation in vacuum,51,52 indicating that the
sublimation can easily be accompanied by thermal decomposition of the molecule.
Both molecules dissolve easily in a mixture of methanol (analytical grade) and water. Formic acid (analytical grade) is used
to acidify the solution. Typically, between 0.1 and 1.0 vol % is
added, which boosts the ion yield but does not affect the observed mass spectra. The ion beams for deposition are created
by electrospray ionization of these mixtures at concentrations of
0.2⫺2.0 mol/mL and are further characterized and tuned before deposition.
Deposition Substrates. Silicon wafers with native or thermally
grown oxide layers are used as deposition substrates. A thermally grown oxide layer of 200 nm helps avoiding fluorescence
quenching near the conductive Si surface and is therefore used
for the photoluminescence spectroscopy measurements. Silicon
surfaces with a native oxide (typically a few nanometers thick)
are, on the contrary, utilized for TOF-SIMS experiments. The insulating nature of these substrates does not affect the ion beam
deposition due to Coulomb repulsion of the deposited charges,
as long as the coverage is well below a monolayer.14
Ion Beam Deposition. The total deposited dose Dtot is given by

Dtot )

∫

tdepo

t)0

Idepo(t')dt'

is calculated directly from the deposition current Idepo(t) and
deposition time tdepo and thus has the dimension of a charge. The
current is recorded during the experiment at several electrodes
including the sample. In Table 1 and Table 2, the integrated total
doses are given together with the minimum and maximum
currents measured throughout the experiment.
In order to keep the experimental conditions comparable
during the deposition of different samples, we refrain from readjusting the ion beam after each deposition. This results in the
ion current being different for each sample (see Table 1 and
Table 2) due to effects such as drift of power supplies or changed
position of the sample holder.
Control experiments for neutral contamination are performed by applying a voltage of 60 V to the sample before a
beam of fragments is directed to it. That voltage is sufficiently
larger than the ion beam energy and thus should repel all of the
incoming rhodamine fragment ions. In fact, the ion current observed on the sample becomes zero. Under these conditions,
only neutral molecules or lowly charged droplets of high kinetic
energy are able to reach the substrate surface. However, this is
avoided by placing the sample intentionally off the beam axis
and steering the beam to the deposition spot via the steering
plates in the lens upstream the sample holder. After such a treatment, no rhodamine molecules nor fragments are found at the
surface if analyzed with TOF-SIMS.
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