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We describe the setup of an experiment for the investigation of ion-surface reactions with time of flight
analysis of products. It consists of an ion source where state-selected ammonia ions NH3* (v, ]) are formed
by resonance enhanced multi-photon ionization ((2 + 1) REMPI). The ions are guided to a scattering cham-
ber where the interaction with an indium tin oxide (ITO) surface covered by a layer of H-atoms containing
neutral molecules can be investigated as a function of the kinetic energy. Product yields are analyzed in a
time of flight mass spectrometer (TOF). The characteristics of the experiment are illustrated by the help of
SIMION trajectory calculations. We show that at impact energies around 15 eV pick up of H atoms from the

layer occurs. At higher impact energies, around 30 eV, dissociative scattering of ammonia ions dominates.
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Collision energy resolved mass spectra (CERMS) are presented. The TOF analysis indicates an ammonia
molecular layer as the origin for H abstraction in accordance with the experimental conditions.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The interaction between molecular ions and surfaces is of con-
siderable interest in many fields of science and technology [1]. In
particular the modification of surfaces and their analysis via inter-
actions with ions and the production or modification of thin films
at surfaces attracted considerable attention [2]. Here, the different
processes involved may be classified according to the impact energy
or the velocity of the ions being scattered, respectively. In general
four different energy ranges are distinguished.

The so-called thermal energy range (up to approximately 1eV)
is dominated by elastic scattering, physisorption and dissociative
chemisorption [3]. Here, the internal degrees of freedom (vibra-
tion and rotation) can have significant impact on the cross-sections.
Important information can be achieved by means of experiments
with ions in well-defined quantum states [4,5]. In the hyperther-
mal energy range (1 eV up to several tens of eV) the impact energy
exceeds typical chemical binding energies. Therefore the trans-
lational energy is large enough to induce pronounced chemical
changes at and in the surface. However, in general it is still not
large enough to modify the surface itself. Processes of modifica-
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tion occur at impact energies of several hundred eV. From the
chemical point of view it is the hyperthermal range, which is
most appealing. Numerous reports are dealing with the fundamen-
tal aspects of chemical interaction between molecular ions and
atomic monolayers or self assembled monolayers [6-8]. Between
1 and 10keV ion scattering is accompanied by sputtering of target
material. Analytical applications include the ion scattering spec-
trometry (ISS), the secondary ion mass spectrometry (SIMS) [9] and
time of flight secondary ion mass spectrometry (TOF-SIMS) [10]
as technique for surface analysis, although at the cost of material
destruction.

Within this energy range implantation of ions into the substrate
plays an important role providing access to modification of mate-
rial properties (plasma etching, etc.). At even higher energy (MeV
range) Rutherford backscattering occurs.

Apart from the chemical motivation work in the hyperthermal
range is also stimulated by fusion research. This is due to the specific
interaction of plasma ions with reactor walls. Typical experiments
have focused on the interaction of D3* at target material leading
to the formation of D*, D,* and D3* [11]. Here, one central process
involves surface induced dissociation (SID). SID is also an impor-
tant process in the interaction of cluster ions with surfaces [12].
In general the elementary processes of hyperthermal ions can be
subdivided, as depicted in Fig. 1, into elastic and inelastic scattering
(1a), neutralization (1b), adsorption (1c), reactive scattering (1d and
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Fig. 1. Different molecular ion surface interaction in the hyperthermal energy
region.
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1e), and pick up scattering (1f). Processes 1a, 1d and 1f are explicitly
discussed in this work.

From the chemical point of view the pure elastic scattering does
not provide significant new information. In quasi-elastic processes,
on the other hand, internal degrees of freedom can be excited,
and can ultimately lead to SID, etc. Experiments regarding the
redistribution of impact energy to internal degrees of freedom have,
e.g., been reported by Mdrk and Herman [13].

Relatively little is known on the influence of quantum states of
projectile ions on the yield of reactive scattering products [14,15].
In this contribution we describe experiments particularly aimed at
the reactive scattering of quantum state selected ammonia ions,
NH;3*(v,]), from an indium tin oxide (ITO; In,03:Sn05 ) surface cov-
ered with a monolayer of neutral residual gas (97% of which is
ammonia).

ITO is an electrically conductive and optically transparent mate-
rial with high transmission in the visible and near IR range. Areas of
application are the display technology, transparent electrodes, ITO
coated slides, microstructure technology, high frequency screen,
optically permeable heating glass, electroluminescent displays,
invisible antennas from ITO glass, optical heating tables, snow
and ice removal devices, heatable object-slow-acting, etc. In the
context of the current work the use of an ITO sample as target
material is interesting for at least two reasons. For semiconduc-
tors and oxides the process of the neutralization [16] is smaller,
than for classical metallic target surfaces [17-22].In our experiment
this would suggest higher ion counting rates. Typical commer-
cial samples are characterized by a small micro-roughness within
the nm range and a very good homogeneity of the surface
resistance. Since ITO is a conductive material direct electrical con-
tacting and thus control of electrostatic fields at the target are
possible.

The sample employed in this work (typ CEC020S) has been pur-
chased from pgo Inc. (Prdzisions Glas & Optik) as a 100-nm thin ITO
layer with a surface resistance of R<20 £/cm?2 deposited on top of
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Fig. 2. Schematic view of the setup with labels for the electrostatic lenses (LO-L2),
the electrostatic mirror (M1-M3) and reflector with sample holder (R1-R12, P0). A;,
A, and A; mark the path taken by ions from the ion source to the sample, from the
sample to the mirror, and from the mirror to the detector, where F3 and the MCP’s
builds the TOF-spectrometer, respectively.

a thin passivation layer of SiO, which in turn was deposited on a
2cm x 2 cm x 0.11 cm floating glass substrate.

2. Experimental setup

This section describes the setup of the apparatus dedicated
to the reactive scattering of state-selected molecular ions at
surfaces. The schematic view of the spectrometer is shown
in Fig. 2.

The ions were formed in a laser ionization process in the ion
chamber (LO-L2, flight tube F1) and transferred via the path Al
to the reaction chamber. After interaction with the sample at
PO the resulting positive ions are accelerated in the electrostatic
field of the reflector (R1-R12), reflected at the electrostatic mirror
(M1-M3), transferred to the TOF-spectrometer via the paths A2-A3
and detected at the MCP’s.

In detail the Ammonia ions are formed in the centre of the ion
source (between lenses LO and L1) and subsequently accelerated
towards the transfer chamber by means of static electric fields (typi-
cal draw out fields: 137 V/cm). The ions pass to field free drift tubes
(F1 and F2) separated by pressure stage before entering into the
scattering chamber. At the centre of the scattering chamber a freely
rotatable electrostatic mirror is positioned, consisting of electrical
lenses M1, M2, and M3. By applying the appropriate voltages this
mirror is set to transmission or reflection, respectively. In the cur-
rent experiment the mirror is operated in a pulsed modus. Let us
consider a bunch of ions travelling towards the mirror. In order for
the ion bunch to be able to penetrate the mirror, the latter needs
to be set to the drift potential, in this case ground potential. After
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Fig. 3. Switching scheme of the electrostatic mirror (T1: ions passes el. stat. Mirror;
T2: mirror switched on; T3: reflection of the ions at the mirror; T4: mirror switched
off; T5: ions are detected at MCP’s; ). Mirror ready for transmission of next ion bunch.



T. Kolling et al. / International Journal of Mass Spectrometry 277 (2008) 245-250 247

being scattered at the sample surface the ion bunch (or any prod-
ucts) will move towards the mirror from the opposite side. At this
point the mirror is being switched to a high potential, thus causing
reflection of the ions into the time of flight mass spectrometer, also
shown in Fig. 2.

The modus of pulsed operation of the mirror is depicted in Fig. 3.

For transmission of the ion bunch towards the reflector ground
potential is applied to the electric lenses M1 to M3. The reflector
consists of a system of 12 electrostatic lenses (R1 to R12) as well
as the sample holder (P0). All lenses have circular openings with
a diameter of 6 cm. The first four and the last two lenses are cov-
ered with galvanically formed copper meshes (InterNet Inc., type
BM2000-03C, 95% transmission). Lenses R1 to R4 and R11 and R12
can be voltage adjusted independently. Lenses R4 to R11 are con-
nected by a resistor chain consisting of 1 M£2 resistors each. By
applying appropriate voltage to the lenses the kinetic energy of the
ions can be adjusted between 0V and about 2 keV with a resolution
of about 100 meV. Subject to these conditions the ions can interact
with the sample mounted in PO between two stainless steel plates.
The front plate has a central opening of 1 cm which exposes the
sample to the ion beam. In order to minimize field inhomogenities
the sample is again covered by a mesh set to the same voltage as the
sample itself. The potential of the sample can be adjusted indepen-
dently. The rear plate is equipped with a heating device allowing us
to apply temperatures up to about 1100 K to the sample. Impact of
the ions onto the surface occurs under normal incidence. Reflection
of the ions and the scattering processes are observed in the direc-
tion normal to the surface. Scattered ammonia ions as well as any
product ions will be accelerated back through the reflector towards
the mirror (as long as the sample potential is positive with respect
to potential R1). At this point SIMION [23] simulations suggest no
discrimination of backscattered ions. By switching the potential M2
at the mirror to a value positive compared to the laboratory ion
energy the ions are reflected into the TOF mass spectrometer (F3)
and subsequently detected by micro-channel plates.

This TOF is constructed according to the Wiley/McLaren type
[24], c.f. Fig. 2. The laboratory energy of the primary ions is defined
in the ion source. Lenses LO-L2 define a double stage acceleration,
which focus the ions onto the sample. This focus is subsequently
imaged onto the TOF-MS detector. The total time of flight of any ion
detected will then consist of two contributions

tion = ta, + A, + la, (1)

where ta; is the TOF of NH3* ions from the source to the sample,
and ta; +ta3 is the TOF of the scattered ion from the sample to the
detector. The latter, of course depends on the mass of the scattered
particle.

The vacuum system consists of three chambers: (i) the ion cham-
ber, (ii) the transfer chamber, and (iii) the scattering chamber, all
being differentially pumped by turbo molecular pumps. Typical
operating pressures are on the order of 10> mbar in the ion source,
10-% mbar in the transfer chamber, and 10~7 mbar in the scattering
chamber. Under these conditions we estimate that any surface will
be covered with a monolayer of the residual gas (here more than
97% is ammonia, other possible residuals could be hydrocarbons,
water, etc.) after approximately 40s.

Ammonia ions are formed in selected quantum states by
(2+1) resonance enhanced multiphoton ionization (REMPI) [25]
employing an excimer pumped dye laser utilizing the dye Rho-
damin 101, with subsequent frequency doubling. Typical pulse
energies are 500 pJ in the wavelength range 295-335nm. The
laser light is focused by a f=300mm lens. lonization takes place
in the centre of the ion source. Fig. 4 shows part of the (2+1)
REMPI spectrum adapted from Ref. [25]. All experiments described
in this work have been performed on the Q3(3) pump line in

1.0 4
pump line —
0.8 1

0.6

0.4 4

normalized intensity

0.2

0.0 T T T T 1
63800 63825 63850 63875 63900 63925

two photon energy / em’

Fig. 4. (2+1) REMPI spectrum of the ' « )~(2g+ band of the NH3 [25].

the ¢’ < X2J, band with J=K=3, AJ=AK=0, at 63,860cm™!
(vacuum wavenumbers, corresponding to A=313.095nm)
[25,26].

3. Experimental results

First we describe results illustrating the time—and thus mass
resolution of our setup. For this purpose ions are formed via the
REMPI process discussed above at a laboratory potential of 1850V
and accelerated towards the electrostatic mirror. In this experiment
the mirror is set at 45° angle relative to the incoming ion beam
such that the ions are directly reflected into the TOF-MS (cf. Fig. 2).
Reflection of the ions is here achieved by setting potential M2 to
2000V. Fig. 5 shows a typical TOF-MS of primary ammonia ions
recorded under these conditions. We note that the FWHM of the
ion distribution is only 15 ns. Since ammonia is introduced via an
effusive inlet, the sample is characterized by room temperature.
According to theoretical estimates the thermal energy distribution
leads to a broadening of the TOF distribution of approximately 8 ns
full width half maximum (FWHM). Another contribution to the
FWHM originates from the laser pulse duration which is on the
order of 10 ns. Thus, we conclude that the TOF resolution is close to
the theoretical limit. The actual TOF observed (9.34 s) agrees very
well with both analytical time of flight equations and SIMION tra-
jectory calculations. The difference in the time of flight of m/z=17
and m/z=18 ions would be 270 ns, illustrating the mass resolution
of the setup. The raw signal of the micro-channel plate detector has
negative amplitude.
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Fig.5. Time of flight mass spectrum of NH3* ions with direct reflection at the el. stat.
mirror (M2 =2000V) into the TOF-MS; texp =9.331 s with FWHM Atexp =15ns.
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In the next section we describe results for scattering of ammonia
ions from film covered ITO surface.

Throughout the rest of this work the lenses of the ion source are
settoL1=1753V,L1=1616V and L2 =0V. For the actual position of
the laser focus this leads to a birth potential of the ions of about
1655 V. The impact energy has been controlled via the voltage at PO
and referenced to the birth potential given above. The uncertainty
in adjusting PO is on the order of +2 V. The lenses R1 to R12 are set
to0V.

The electrostatic mirror is positioned at 135° with respect to the
incoming beam of primary ions and operated in the pulsed modus
described above. On the trajectory towards the reflector all mirror
lenses are set to 0V, on the backward trajectory lens M2 is pulsed
to 2000V, thus leading to reflection of all ions into the TOF-MS.
Fig. 6a—-d shows typical TOF mass spectra as a function of the impact
energy. The only ions detected are assigned to m/z=16, 17, and 18.
No indication of any traces of hydrocarbons has been observed.

Fig. 6a shows the TOF-MS for the impact energy of 0eV, i.e., for
ions reflected just in front of the surface without impinging on the
surface. The latter conclusion is supported by (i) the signal ampli-
tude (300 meV) and (ii) time of flight calculations. Only a single ion
peak is observed under these conditions, clearly originating from
intact ammonia ions. Upon increasing the impact energy to about
15 eV (Fig. 6b) we note a pronounced drop in the total ion signal (to
about 6 meV), indicating that neutralization is an important process
leading to a loss of about 98% of the incident ion intensity. Further-
more a second peak arises at this impact energy shifted by about
500 ns to larger TOF (13.3 ws). As we will support by model calcula-
tions (see below) this signal originates from NH4* ions. These NH4*
ions are formed via H atom abstraction from a film covering the
ITO surface. At even higher impact energy another peak emerges
at 12.92 s, which we attribute to NH,* ions (Fig. 6b). The rela-
tive order of the TOF signals for NH3*, NH,* and NH4* originates
from the different excess energies of the cations (see Section 4). The
individual ion yields strongly depend on the impact energy. This is
best illustrated in a plot of the relative ion yield as a function of the
impact energy (see Fig. 7) usually termed CERMS diagram (collision
energy resolved mass spectra).

Starting from 0 eV impact energy the relative ion yield of NH3*
decreases pronouncedly. In fact we may use this feature for cali-
brating the effective impact energy. With increasing impact energy
first the relative yield of NH4* ions increases, with a maximum rela-
tive yield of 50% at an impact energy of 15 eV. At even higher energy
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Fig. 6. (a) NH3* ions with E;, ~0eV; (b) NH3* ions with Ey, =15eV; (c¢) NH3"* ions
with Ey, =30eV; (d) NH3* ions with Eyg, =71 eV.
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Fig. 7. CERMS diagram of the NH3"* scattered at ITO.
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the yield of NH4* ions decreases at the cost of NH,* formation. The
latter exhibits a maximum yield of again 50% around 20 eV impact
energy. At the highest impact energies covered in this work the rel-
ative yield of reactive scattering products decreases. The remaining
NH5* signal (cf. Fig. 6d) can be rationalized by non-reactive reflec-
tion of NH3* at the surface, as shown in model calculations below.
However, we note, that the absolute scattering signal approaches
the detection limit in this case. Thus the fractional abundances have
to be viewed with caution above 50 eV impact energy.

4. Calculations and model

In the following we present a model rationalizing all ion signals
observed based on energy partitioning in reactive scattering pro-
cesses. No ions other than the three signals described above have
been observed in the entire mass spectrum. The analysis is based
on trajectory calculations employing the ion simulation program
SIMION [23]. Four different scattering processes are being assumed
to be operative; channel 1: neutralization (leading to loss of signal,
since only ions are detected), channel 2: non-reactive scattering
of NH3*, channel 3: formation of NH4*, and channel 4: formation
of NH,*. An illustration of these channels is shown in Fig. 8. This
sketch assumes that a monolayer of neutral ammonia is cover-
ing the ITO surface. Given the background pressure of 10~7 mbar
NHs in the scattering chamber, this does indeed seem very plausi-
ble. We further assume that the lone electron pair of the adsorbed
ammonia molecules points towards the surface [27]. Therefore the
H atoms of the adsorbed ammonia points away from the surface,
such that impinging ammonia ions will first interact with these H
atoms leading to H atom pick up.

As mentioned before, among all these processes the cross-
section is largest for neutralization (ch. 1) [21].

channel 1: NHJ (v,])+ NH; g — 2NH3(v*, J*) (3)

The second channel is due to inelastic scattering of NH3* ions at
the surface with partitioning of the kinetic energy between two
ammonia molecules (Fig. 8, ch. 2).

channel 2: NH3(v,])+ NHs gf — NH3 (v, ]) + NH3 (4)
where
Exin out(Nng) =0.5x Eimpact (5)

The third channel, i.e., H atom abstraction, is probably exother-
mic by about 920 meV in analogy with the corresponding gas phase
reaction [28-30]. In our model we assume that this exothermic-
ity correlates with the translational energy of the NH,* ion being
formed. The second product, neutral NH; is assumed to remain on
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Fig. 8. Model of the reaction channels of the interaction of NH;* with a NH; mono-
layer on ITO.
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Fig. 9. Comparison of the experimental time of flight spectra, obtained at
Eimpact =20 eV, with SIMION trajectory calculations. For further details see the text.

the surface. Apparently the impact energy is dissipated into the
surface film.

channel 3: NHJ(v,]) + NHj gr — NH; (V*, J*) + NHy g (6)

where
Ekin(NHZ) = Eexoth(NH;(Vv J) + NH3,surf
— NH (v, J*) + NHa surf) (7)

The fourth channel corresponds to dissociative reactive scattering
with formation of NH,* ions. In a simple model the impact energy
is partitioned between breaking one N-H bond and kinetic energy
of the products being desorbed. According to the conservation of
momentum the kinetic energy of NH,* ions should amount to 1/17
of the excess energy Eexcess = Eimpact — Ebend-n- Thus, most of the
excess energy is carried away by the hydrogen, leaving a relatively
slow NH,* ion. This ultimately leads to the TOF of NH,* being larger
than that of NH3*. At this point we assume that excitation of internal
degrees of freedom does not play an important role.

channel 4:  NHE(V,])+NHs guf — NHE(V*, J)+H+NH3 g (8)
where

1
Eyin (NH ) = 0.25 x (Eimp — Eqiss) x 35 )

Fig. 9 compares the experimental time of flight distribution
obtained for an impact energy of 20eV to the results of SIMION
trajectory calculations, based on the model presented above. The
expected TOF is also included in Fig. 6a-d. Evidently the calculated
TOF in each case agrees very nicely with the experimental obser-
vation. This lends strong support to the interpretation of the data
presented above. In particular the agreement between experiment
and simulation clearly supports the assumption of an ammonia film
being the origin for the scattering. Under background conditions of
a scattering experiment surfaces are often contaminated by water
or hydrocarbons. We have to stress, that we do not observe any
ion signals other than the three signals in Fig. 9. Hydrocarbon ions
are not compatible with these TOF spectra. Even the assumption of
water being present in the layer would lead to ions of mass 18 and
19, basically being shifted from the observed ones by about 100 ns.
Evidently the model of energy partitioning presented is capable of
reproducing the experimental TOF’s. Once additional information
becomes available it could be easily included in the simulations
discussed above.
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5. Conclusion and outlook

We have investigated the reactive scattering of state-selected
ammonia ions from an ITO surface covered with a layer of neu-
tral molecules. Scattering products have been detected in a time of
flight mass spectrometer. By comparison with theoretical TOF cal-
culations three different ion signals have been assigned to (i) NH4*
(H-atom abstraction), (ii) NH3* (non-reactive scattering), and (iii)
NH,"* (dissociative scattering). We cannot strictly rule out contri-
butions from other ions, however, the model presented in this work
leads to the best agreement between experiment and simulation.
The relative ion yields have been presented in a CERMS diagram.
The analysis shows that H-atom abstraction plays an important role
for collision energies in the range between thermal energies and
about 15 eV. Neither we detect any hydrocarbon ions nor fragments
of those. Under background conditions residual water or hydrocar-
bons could be present on the surface. However, under operating
conditions of the experiment the surface will most likely be cov-
ered by an ammonia film. A TOF analysis has been presented based
on the assumption that an ammonia film provides the H-atoms
for the pick-up process. The agreement between experimental and
theoretical TOF further supports our assumption. This represents in
factanapplication of the well-established TOF-SIMS technique [10].
Between 20 and 35 eV dissociative scattering leading to NH,* ions
dominates. The analysis was based on the assumption of ammonia
molecules forming a monolayer on the ITO surface with the lone
pair pointing towards the surface. Thus, the H atoms are exposed
to the incoming ion beam and can eventually be abstracted. If one
assumed the ammonia molecules were pointing with the H atoms
towards the surface, H atom abstraction would hardly be possible.
We therefore believe that the experiment described provides the
possibility to analyze the binding conditions of very thin films cov-
ering a surface. For the future it would be interesting to further
test this concept with surfaces, e.g., covered by a film of isotopi-
cally labeled ammonia, ND3. These studies, however, are beyond
the scope of this work.

The abstraction of H atoms from hydrocarbon covered steel
surface has been the subject of several reports from Mark and
coworkers. Worgotter et al. [31] observed the pickup of H atoms
by acetone in the range of collision energies between 10 and
20eV, similar to the energy range of this work. Another report
from the same group covered the abstraction of H atoms by ben-
zene ions [32]. We note that the operating pressure in the work
of Mdrk and coworkers was significantly lower than that in our
work. This is most likely the reason why their work was limited
by the background of hydrocarbons, in contrast to our work. While
the current work and Ref. [31] indicate “resonance like” charac-
teristics of H atom abstraction, the latter work did not show a
pronounced energy dependence of this process. For the future
it seems rewarding to further investigate these H atom pick up
processes.

One of the advantages of REMPI preparation of ammonia ions
pertains to the state-selectivity. This technique provides the possi-
bility to form ions in different vibrational states or even different
rotational states. It appears rewarding to investigate the role of
internal degrees of freedom on the cross-sections for reactive scat-
tering in future work. The current experiments are believed to be
pivotal to plasma technical processes of reactive ion etching as well
as surface film analysis.
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