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A B S T R A C T

Hybrid materials that integrate organic and inorganic components within a single architecture pose significant 
challenges for depth profiling due to their compositional complexity. Time-of-Flight Secondary Ion Mass Spec
trometry (ToF-SIMS) offers spatially resolved chemical information coupled with high sensitivity, but conven
tional sputtering conditions typically fail to simultaneously preserve organic molecular information while 
efficiently eroding inorganic materials. Here, we report a previously unexplored approach for the character
ization of such complex hybrid systems. By employing a reactive oxygen gas cluster ion beam (O2-GCIB) operated 
at high-energy-per-molecule, we achieve, for the first time, consistent and reliable depth profiling of both layered 
and blended hybrid structures comprising molybdenum oxide (MoO₃) and N,N′-Di(1-naphthyl)-N,N′-diphenyl- 
(1,1′-biphenyl)-4,4′-diamine (NPD). High-energy per molecule oxygen clusters enhance the sputtering yield of the 
inorganic phase, also mitigating chemical degradation in the organic component, helping to preserve molecular 
information. This dual functionality effectively overcomes the limitations observed with argon-based clusters 
establishing a new paradigm for the molecular analysis of hybrid interfaces.

1. Introduction

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a 
powerful and versatile technique for surface and interface analysis, of
fering high chemical specificity and spatial resolution at the nano- and 
microscale. Its intrinsic capability for three-dimensional profiling makes 
it especially suited for investigating layered or heterogeneous materials. 
However, the advent of hybrid nanomaterials comprising both layered 
and blended architectures of organic and inorganic components, [1] 
introduces a substantial challenge in defining optimal sputtering con
ditions for accurate depth profiling. Inorganic domains typically require 
high-energy per atom conditions to achieve sufficient erosion rates, fa
voring the use of monoatomic primary ion sources [2]. Depth profiling 
of organic materials with monoatomic ion sources, however, leads to 
significant damage accumulation and loss of molecular information 
[3–6]. In contrast, organic constituents are best preserved under 
low-energy per atom bombardment, such as that provided by argon gas 
cluster ion beams (Ar-GCIB), where the average energy per incident 

atom ranges from 2 to 5 eV [7–10]. This energy window aligns with the 
bond dissociation energies of common organic structures, effectively 
minimizing chemical degradation and preserving molecular information 
[11]. Conversely, under such low energy per atom conditions, the 
sputtering yields of inorganic materials are typically 2 to 3 orders of 
magnitude lower than those of their organic counterparts [10]. This 
pronounced yield mismatch can introduce significant instrumental ar
tifacts, including interfacial broadening and topographical evolution, 
which severely compromise the accuracy and reliability of depth 
profiling in hybrid systems [10,12].

Several strategies have been explored to overcome these instru
mental limitations while sampling hybrid systems, ranging from the use 
of low-energy monoatomic cesium beams [13] to fullerene (C60⁺) cluster 
sources [14]. However, these approaches have often resulted in data of 
difficult interpretation, highlighting the need for sputtering conditions 
capable of producing more consistent and reproducible outcomes. 
Recently [12] we investigated the use of argon gas cluster ion beams 
(Ar-GCIB) operated at high energy-per-atom regimes as a viable 
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alternative. By reducing the cluster size, thereby increasing the energy 
delivered per constituent atom, we observed a significant reduction in 
the sputtering yield disparity between the organic and inorganic phases. 
This approach significantly enhanced the overall quality of the depth 
profiles, yielding sharper interface delineation and improved reliability 
in both the physico-chemical characterization and structural analysis of 
the hybrid systems under investigation. Nevertheless, the results also 
confirm that the presence of an inorganic layer atop an organic substrate 
leads to additional damage to the underlying organic material [12,14,
15]. This includes the penetration of inorganic species into the organic 
layer, which influences the interface integrity and may distort the true 
compositional profile. Furthermore, it results in an additional contri
bution to the degradation of molecular information from the organic 
phase, highlighting the critical need for further optimization of sput
tering conditions to preserve analytical fidelity in such complex multi
layered systems.

Damage of the organic component can be partially avoided by 
lowering the temperature during the high-energy-per-atom GCIB depth 
profiling [12]. This finding underscores the critical role of chemical 
modification processes during ion beam-sample interaction, triggered 
by the formation of highly reactive species. Lowering temperature can 
effectively modulate the kinetics of crosslinking, recombination and 
rearrangement reactions responsible for the loss of the pristine molec
ular signal and highlights the potential of using reactive primary ion 
species capable of quenching the radical intermediates that are proposed 
to mediate chemical degradation [16–18].

Oxygen gas cluster ion beams (O2-GCIB) have recently been intro
duced as a novel class of reactive sputtering sources capable of deliv
ering clusters of variable size and acceleration energy [19]. While 
biatomic oxygen (O2⁺) has long been employed in SIMS depth profiling, 
primarily due to its ability to enhance the positive secondary ion yield, 
[20] the behavior of oxygen clusters remains comparatively underex
plored. One might expect similar reactivity from O2-based clusters; 
however, only limited literature is currently available on this topic [21]. 
A notable study by Holzer et al [19] investigated the use of oxygen 
clusters as a sputtering species for depth profiling alkali metals in thin 
SiO2 films. In that work, the authors demonstrated that O2-GCIB sources 
achieve erosion rates comparable to those obtained with conventional 
O2⁺ ion beams when applied to inorganic samples.

Mahoney et al [22] investigated the application of O2-GCIB sources 
to parylene C films, demonstrating that such sputtering beams are 
capable of both efficiently eroding and preserving molecular informa
tion in organic species that are highly susceptible to cross-linking re
action when profiled using Ar-GCIB sources. The authors proposed two 
possible mechanisms to explain this behavior: (i) oxygen clusters may 
act as radical scavengers, reacting with and neutralizing reactive in
termediates generated during sputtering; or (ii) they may initiate 
oxidative degradation pathways in the organic species under 
investigation.

Building upon these findings, the present study explores the appli
cation of reactive high-energy-per-molecule O2-GCIB as a viable alter
native for depth profiling of hybrid materials in dual-beam mode. This 
approach combines the exploitation of the hypothesized radical scav
enging ability of oxygen clusters to quench transient reactive species 
generated during the sputtering of organic moieties, with the selection 
of small clusters at high energy per incident molecule, which simulta
neously assures sufficient sputtering efficiency for the inorganic com
ponents. For this study, two materials commonly used in optoelectronics 
were chosen: molybdenum trioxide (MoO₃), largely employed as an 
electron acceptor and buffer layer, and N,N′-Di(1-naphthyl)-N,N′- 
diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPD), an arylamine widely used 
as a hole-transport and donor material. We investigated two represen
tative model architectures: a layered hybrid structure with the inorganic 
part on top of the organic layer, analogous to that studied in our pre
vious work [12] with Ar-GCIB sputter profiling, and a bulk hetero
junction blended structure. The resulting hybrid interfaces exhibit 

sub-bandgap light absorption features in the near-infrared region, a 
property absent in the individual constituent materials, which offers 
novel promising applications in optoelectronics [23–25]. By employing 
an (O2)500⁺ gas cluster ion beam accelerated at 20 keV as the sputter 
source, it was possible to achieve effective erosion and obtain consistent, 
reproducible results across both model systems, thereby paving the way 
for the comprehensive characterization of more complex hybrid archi
tectures. Temperature-controlled experiments at low temperatures were 
also conducted to assess the potential to further suppress the reactivity 
of transient radical species. The results highlight a promising strategy to 
mitigate chemical damage during depth profiling, offering a ground
breaking avenue for the reliable characterization of hybrid material 
systems.

2. Materials and methods

2.1. Sample preparation

A commercially available arylamine, N,N′-Di(1-naphthyl)-N,N′- 
diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPD, Fig. 1a), was purchased 
from TCI Co. Ltd. Taipei, Taiwan (purified by sublimation, >99.00 %) 
and used as received as the organic component of the hybrid systems. 
Molybdenum trioxide (MoO3, Merck, Darmstadt, Germany, purity 99.97 
%) was selected as the inorganic counterpart. All thin films were 
deposited on silicon substrates (Test CZ-Si wafer 2 inch, thickness = 279 
± 25 μm, (100), 1-side polished, p-type (Boron), MicroChemical GmbH, 
Ulm, Germany), which were pre-cleaned by sequential sonication in 
deionized water, acetone, and isopropanol for 10 min each.

Film deposition was performed by physical vapor deposition (PVD) 
under a base pressure of 2 × 10⁻6 mbar in a KE-500 chamber (Kenosistec 
Srl. Milan, Italy). NPD was evaporated using a Knudsen cell, while MoO3 
was deposited using a resistively heated thermal source. The substrate 
holder was positioned 300 mm from the evaporation sources and 
maintained at room temperature throughout the process. A quartz 
crystal microbalance (INFICON, Bad Ragaz, Switzerland) equipped with 
a gold-coated sensor was placed near the substrate to monitor deposition 
rates, which were set between 0.15 and 0.40 Å/s.

The quartz crystal sensor was calibrated for each material by 
measuring at least the thickness of three evaporated films by means of a 
DektakXT contact profilometer (Bruker, Billerica, Massachusetts, U.S. 
A). Four distinct sample types were prepared on silicon substrates 
(Fig. 1b-e): a neat organic film of 50 nm-thick NPD, a pure inorganic film 
of 50 nm-thick MoO3, a hybrid layered film consisting of 10 nm MoO3 on 
top of 50 nm NPD, and a blended 50 nm MoO3-NPD film, obtained by co- 
evaporation of the two materials. The first three samples were prepared 
according to [12], in order to ensure comparability among the dataset of 
both studies.

2.2. ToF-SIMS measurements

ToF-SIMS depth profiling was carried out using a ToF-SIMS M6 Plus 
instrument (IONTOF GmbH, Münster, Germany), equipped with a GCIB 
sputter source, a temperature-controlled sample holder for low- 
temperature measurements, and an in-situ atomic force microscope 
(AFM). Bi3⁺ clusters at 30 keV (“spectrometry mode”, beam defining 
aperture 700 µm, cycle time 200 µs) were employed as analysis beam, 
with a primary ion current of 0.2 pA measured using the internal 
Faraday cup. The analysis beam was rastered over an area of 200 × 200 
µm2 for the NPD and the hybrid layered films and an area of 150 × 150 
µm2 for the MoO3 and the hybrid blended films. The achieved mass 
resolution in the present experimental conditions was about 7000 at m/z 
29.

Sputtering was performed by the GCIB source configured to deliver 
20 keV oxygen clusters with a distribution peaked at 500 O2 molecules. 
The sputter beam current, measured via a Faraday cup integrated into 
the sample holder, was 0.2 nA. Raster areas were 500 × 500 µm2 for the 
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NPD and the hybrid layered films and 300 × 300 µm2 for the MoO3 and 
the hybrid blended films. In addition, a 20 keV argon cluster beam, 
produced with the same GCIB source and having a cluster distribution 
peaked at 500 atoms, was utilized for depth profiling of the hybrid 
blended film. In this case, a raster area of 300 × 300 µm2 was selected, 
with a measured current of 0.35 nA.

Depth profiling was performed in dual beam non-interlaced mode, 
with each cycle consisting of one analysis frame followed by one sputter 
frame and a 0.5-second pause. Spectra were acquired in positive polarity 
mode and calibrated using CH⁺, C2H5⁺, C3H7⁺, and C6H6⁺ ions. Each 
measurement was conducted in three replicates to ensure 
reproducibility.

2.3. AFM measurements

Long-range AFM line scans, with lengths ranging from 700 to 850 
µm, were acquired before and after SIMS depth profiling using an in-situ 
AFM module integrated into the ToF-SIMS M6 Plus UHV analysis 
chamber. Measurements were performed with a NANOSENSORS PPP- 
NCLR (PointProbe® Plus Non-Contact/Tapping Mode - Long 

Cantilever - Reflex Coating) AFM probe (NANOSENSORS, Neuchatel, 
Switzerland) operated in tapping mode. The resulting profiles were 
employed to determine the sputtering yield of the pure MoO3 and NPD 
films, as previously reported [12].

3. Results and discussion

To assess the sputtering efficiency of the (O2)500
+ clusters at 20 keV on 

the materials under investigation, preliminary tests were conducted on 
two distinct samples: a 50 nm NPD film deposited on silicon (Fig. 1b) 
and a 50 nm MoO3 film deposited on silicon (Fig. 1c). Dual-beam depth 
profiles were acquired (Fig. 2), and the corresponding sputtering yields 
were determined for each case.

Fig. 2a shows the NPD depth profile acquired using (O2)500⁺ at 20 
keV. The organic layer is monitored via the molecular ion [M]⁺ 
(C44H32N2⁺, m/z 588) and the characteristic fragment ion C16H11N⁺ (m/z 
217), while the silicon substrate is tracked via the 30Si⁺ signal. This ion 
was chosen instead of the more abundant 28Si+to avoid signal saturation 
problems under the experimental conditions involving O2-GCIB sputter 
beam. The persistence of the [M]⁺ signal (red line) down to the NPD- 

Fig. 1. Pictorial representation of the samples under investigation for illustrative purposes only. (a) Molecular structure of the organic donor material NPD, (b) 50 
nm-thick NPD film, (c) 50 nm-thick MoO3 film, (d) 10 nm-thick MoO3/50 nm-thick NPD layered film, (e) 50 nm thick MoO3-NPD blended film. All the films were 
deposited on silicon substrates.

Fig. 2. Dual beam ToF-SIMS depth profiles of (a) NPD and (b) MoO3 films, both obtained using 20 keV (O2)500
+ as sputtering beam.
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silicon interface underlines that, despite the use of high-energy-per- 
incident-molecule clusters, which are not optimal for sputtering 
organic materials, the molecular information is effectively retained 
along the entire film thickness. It should be emphasized that an actual 
steady state is not achieved, indicating that a certain degree of damage 
accumulation occurs. Both the depth profile evolution and the sputter
ing yield of pure NPD under the present O2-GCIB sputtering conditions 
(see Table 1) are comparable to those previously reported [12] for the 
same material using Ar-GCIB. Fig. 2b presents the depth profile of the 
MoO3 film under the same sputtering conditions. Mo⁺, MoO2⁺, and 
MoO3⁺ ions are tracked to characterize the MoO3 layer, and 30Si⁺ is used 
to monitor the silicon substrate. All MoOx⁺ ions (0 ≤ x ≤ 2) show a 
similar trend, with a well-defined steady state along the oxide film and a 
drop at the interface with silicon. This contrasts with profiles obtained 
using Ar-GCIB sputtering beams, where ions with lower oxygen-content 
show slower decay rate compared with the higher oxygen-content ones 
[12]. Such behavior can be attributed to the oxidizing effect of the ox
ygen gas cluster ions, which inhibits the ion beam-induced reduction of 
molybdenum oxide, observed under Ar-GCIB [12] irradiation and under 
monoatomic Kr ions [26,27]. This enables more reliable sputtering yield 
measurements and representative depth profiling results. The apparent 
persistence of Mo-related signals beyond the interface with silicon is 
attributed to the increased ionization probability of recoiled, diffused or 
redeposited molybdenum atoms, due to the oxidizing effect of oxygen 
cluster beam, analogously to what is well known in the case of O2 beams 
[21].

Table 1 summarizes the sputtering yield values obtained for the two 
materials. For NPD, the measured value (85 ± 13 nm3/PI) closely 
matches that observed using high-energy-per-atom argon clusters (74 ±
9 nm3/PI). In contrast, the value found for MoO3 (20 ± 2 nm3/PI) is 
significantly higher than the average sputtering yield reported in the 
case of argon clusters (5.8 ± 1 nm3/PI). In order to explain such a sig
nificant difference, we must consider that the reported yields are 
average values obtained from the fluence needed for removing about 25 
nm of the film. In the case of Ar500 clusters such fluence is sufficient for 
total reduction to metallic molybdenum [12], so that the measured 
value is a trade-off between the initial sputtering yield of undamaged 
MoO3 and the final one of Mo, with the contribution of intermediate 
oxidation states in between. Since, at our knowledge, no data are 
available for metallic molybdenum under cluster beam irradiation, we 
measured the sputtering yield of a Mo plate under 20 keV Ar500 ion 
irradiation, obtaining a value of 0.58 ± 0.03 nm3/PI, which is 
compatible with the yield of other inorganic targets in similar experi
mental conditions [10], but about ten times lower than the average 
valued we obtain for MoO3. So, it is reasonable to hypothesize that the 
“true” sputtering yield of MoO3, i.e. the one that one would obtain in the 
absence of reduction, must be higher than the measured (average) value. 
Also, this is consistent with the higher values found in the case of 
sputtering of MoO3 with O2-clusters. Indeed, the use of an oxygen-based 
beam helps preserve the oxidation state of MoO3 by providing, unlike 
argon clusters, reactive oxygen species that counterbalance the prefer
ential loss of oxygen. An analogous effect of inhibition of the preferential 
loss of oxygen has been observed by XPS, [28] although in rather 
different experimental conditions, by comparing the effect of O2

+ and 
Ar+ ion beams at the keV range. As a consequence of the increased 

sputtering ratio of MoO3 under O2-cluster, the sputtering yield ratio 
between NPD and MoO3 is lowered to approximately 4. This represents a 
noteworthy outcome, given that achieving comparable sputtering yields 
for both the organic and inorganic components is crucial for accurate 
depth profiling of hybrid organic/inorganic systems. Indeed, the use of 
high-energy-per-molecule O2-GCIB meaningfully reduces the disparity 
of sputtering yields between the organic and inorganic component, 
compared to the case of 20 keV Ar500

+ (NPD-to-MoO3 sputtering ratio 
close to 12) that, in turn represents itself a substantial improvement 
(approximately one order of magnitude decrease of sputtering yield 
ratio) in comparison with the low-energy-per-atom argon clusters 
commonly used for depth profiling of organic systems [12].

Building on these promising results, ToF-SIMS depth profiling of the 
model hybrid layered film was performed at room temperature (R.T.) 
using 20 keV (O2)500

+ cluster ions. The resulting depth profiles are shown 
in Fig. 3a, where the MoO2⁺, C44H32N2⁺ and 30Si⁺ secondary ions are 
chosen for monitoring, respectively, the MoO3 layer, the NPD layer and 
the silicon substrate.

The maximum intensity of MoO2
+ ion is observed in the initial part of 

the profile, as expected based on the presence of the 10 nm-thick MoO3 
layer. The MoO3/NPD interface is marked, at a fluence of approximately 
2.6 × 1013 ions/cm², by the drop of MoO2

+ signal and by the simulta
neous sharp intensity rise of the NPD molecular ion C44H32N2⁺. The 
latter persists until ~ 2.0 × 1014 ions/cm2, where the interface with 
silicon is reached, as revealed by the rise of the 30Si+ ion. Although the 
[M]⁺ signal is clearly observed along the whole thickness of the organic 
layer, it decays by nearly one order of magnitude from its initial 
maximum at the MoO3/NPD interface to the NPD/Si interface, clearly 
indicating that chemical damage is occurring and accumulating within 
the buried organic layer. The increase of the MoO2

+ signal beyond the 
NPD/Si interface could be explained, as discussed in the case of Fig. 2b, 
with the enhancement of ionization probability in the silicon matrix 
oxidized by the O2-GCIB, combined with some transport of molybdenum 
species through the organic layer down to the silicon interface, as dis
cussed later.

Despite the presence of damage accumulation in the organic layer, if 
we compare the depth profile of Fig. 3a with the result obtained using 
Ar-GCIB, reported in a previous paper, [12], it is rather evident that the 
present experimental conditions, involving the use of high energy per 
molecule O2 clusters, provide a more reliable representation of the 
sample structure. This confirms the hypothesis that the reactive oxygen 
cluster beam provides a mechanism for mitigating damage accumula
tion. Considering that, in the case of Ar-GCIB depth profiling, sample 
cooling allows to partly reduce damage, we investigated the sample 
cooling effect also during high energy per molecule O2-GCIB depth 
profiling of the same layered structure of Fig. 3a. The depth profile, 
obtained at a sample temperature of 148 K and keeping unaltered all 
other experimental conditions, is reported in Fig. 3b. Such profile clearly 
describes more accurately the layered structure of the system under 
investigation. In particular, the NPD molecular ion, after the rise at the 
first interface, reaches a steady state until its drop at the silicon inter
face. In other words, the molecular information from the organic layer is 
preserved throughout the whole film thickness. In contrast with the 
evident positive effect of sample cooling in the reduction of damage 
accumulation and preservation of characteristic ions of the organic 
component (including the molecular ion), lowering the temperature has 
virtually no effect on the MoO2

+ signal. A similar finding was reported in 
our earlier work with Ar-GCIB [12] where the shape of MoO3-related 
signals wasn’t influenced by sample cooling. This was attributed to the 
fact that the “injection” of metal containing species from the inorganic 
overlayer, already described also for other systems [14,15] can be 
regarded essentially as a somewhat ballistic phenomenon which is not 
influenced by temperature changes. On the other hand, the rate of 
chemical reactions, involving the active species generated during the 
cluster-sample interactions and contributing to damage of the organic 
layer, is expected to be influenced by temperature as well as by the 

Table 1 
Sputtering yields of NPD and MoO3 obtained with 20 keV Ar4000

+ , 20 KeV Ar500
+ , 

[12] and 20 keV (O2)500
+ . The last column shows the ratio between sputtering 

yields of the two pure materials for each sputter beam.

YNPD YMoO3
YNPD

YMoO3

20 keV Ar4000
+ 162 ± 7 nm3/PI 1.3 ± 0.1 nm3/PI 124.6

20 keV Ar500
+ 74 ± 9 nm3/PI 5.8 ± 1 nm3/PI 12.7

20 keV (O2)500
+ 85 ± 13 nm3/PI 20 ± 2 nm3/PI 4.2
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concentration of the reactive species involved in the reactions. This can 
explain why the better results in profiling the MoO3/NPD/Si layered 
samples are obtained by combining sample cooling with the use of 
high-energy-per-atom O2-GCIB: the former depresses the kinetic con
stant of the damaging reactions, the latter decreases, through its scav
enger properties, the concentration of active species (such as radicals) 
produced by the interaction with the ion beam or promoted by atoms 
and clusters of the inorganic overlayer that are “pushed” into the organic 
layer. Indeed, the “injection” of inorganic species into the organic layer 
has been proposed to be responsible for the damage of such layer that, in 
the absence of the inorganic overlayer, would suffer much less damage 
accumulation under GCIB irradiation [14,15]. In other words, we hy
pothesize that the damage of NPD below MoO3 is the result of least two 
different contributions: i) a “primary” contribution due both to the 
direct interaction with the high-energy-per-molecule beam itself or to 
the injection of atoms and clusters from the inorganic layer, which 
produce molecular fragmentation and formation of transient reactive 
species through energetic collisions and ii) the evolution of such tran
sient reactive species (that we hypothesize to be, at least partly, radical 
species), [12,16–18] which undergo secondary reactions with their local 
chemical environment (e.g. cross-linking), ultimately leading to a loss of 
molecular specificity and information.

As discussed above, the improved depth profiling performance 
observed with O2-GCIB involves the potential radical scavenging effect 
of the O2-GCIB beam, already hypothesized by Mahoney et al [22] Here 
we propose a possible mechanism for this effect: upon impact with 
sample surface, oxygen clusters, in which only weak intermolecular 
forces are at play, dissociate into their constituent O₂ molecules. These 
molecules, in their triplet ground state, due to the presence of two un
paired electrons in antibonding molecular orbitals π*, can interact with 
reactive alkyl-type, allyl-type and aryl-type radicals bearing unpaired 
electrons to form more stable peroxyl radicals (ROO⋅), thus acting as an 
effective radical scavenger that limits the propagation of 
radical-induced damage, [29]. This process may also be accompanied by 
oxidation reactions occurring within the interaction volume, leading to 
the formation of volatile oxidized carbonaceous species, such as COx, so 
contributing to prevent the formation of an amorphous carbonaceous 
layer. Such layer, characterized by lower sputter yield than the pristine 
organic material, would in turn promote damage accumulation, leading 
to the loss of the molecular signals. It is also plausible that both proposed 
mechanisms - enhanced sputtering efficiency and radical scavenging 
action - act synergistically to reduce chemical damage and improve the 
reliability of molecular depth profiling. Moreover, we cannot exclude 
that similar effects are produced also by atomic oxygen produced during 
the impact of the cluster with the sample surface. A more detailed un
derstanding would benefit from theoretical simulations of the oxygen 
cluster's impact. However, we are not aware of any literature data on 

that effect for O2-GCIB.
Whatever the detailed mechanism involved, the results presented in 

Fig. 3 clearly show that high energy per molecule O2-GCIB is a promising 
candidate for depth profiling of hybrid organic/inorganic systems. 
Hence, we extended the investigation to a more complex system, a 50 
nm-thick nanostructured blend film, containing both NPD and MoO3. In 
this case, the two materials were co-deposited, resulting in an intimate 
mixture, at the nanoscale level, of the two components. Figs. 4a-4d
compare the results obtained on this system using Ar-GCIB and O2-GCIB 
(first and second row, respectively), both performed at room tempera
ture and at 148 K (first and second column, respectively).

Looking at the first row of Fig. 4, showing the profiles obtained with 
argon clusters at room temperature (a) and at 148 K (b), we observe that, 
independently of the sample temperature, heavy damage of the organic 
layer is present, as shown by the exponential intensity decay of the NPD 
molecular ion. By contrast, the non-specific C⁺ fragment displays a box- 
shaped profile in the region where molecular information from the 
organic component would be expected. These results indicate that, 
although the organic material is present throughout the film thickness, 
the highly energetic sputtering conditions lead to a loss of molecular 
information due to progressive chemical damage accumulation.

Fig. 4c shows the depth profile obtained using the 20 keV (O2)500
+

beam at room temperature. Already at first glance, a significant 
improvement in profile quality is observed. Indeed, the mixed hybrid 
layer is clearly identified, with the characteristic signals from both the 
organic and inorganic components detected till the interface with the 
silicon substrate. In the very initial part of the profile, the molecular ion 
C44H32N2⁺ ([M]⁺) associated with NPD, shows an initial decay while the 
MoO2⁺ ion, representative of the molybdenum oxide, displays a con
current intensity increase. This behavior can be interpreted as a surface 
segregation of the organic component. However, the initial drop of the 
molecular signal could also reflect a transient situation in which ion 
beam-induced damage builds up until a steady state between damage 
accumulation and removal is reached [30].

In any case, beyond the transient region, steady-state signal levels 
are observed for both the organic and inorganic components, a notable 
result that could not be achieved using Ar-GCIB, which confirms the 
ability of oxygen clusters to inhibit damage in NPD/MoO3 hybrid 
structures. Notably, the depth profile acquired with (O2)500

+ at 20 keV 
and 148 K (Fig. 4d) does not exhibit significant differences compared to 
the corresponding profile at room temperature (Fig. 4c), at variance of 
the behavior observed on the layered hybrid system where the decrease 
of temperature causes an additional suppression of damage in the 
organic layer. This indicates that, in the blended architecture, already at 
room temperature the scavenging effect of oxygen clusters is sufficient 
to inhibit the most part of beam-induced chemical damage by efficiently 
suppressing the active species responsible for the secondary 

Fig. 3. Dual beam ToF-SIMS depth profiles of MoO3/NPD layered film both obtained using 20 keV (O2)500
+ as sputtering beam (a) at room temperature and (b) at 

148 K.
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crosslinking/rearrangement reactions, so that the decrease of sample 
temperature has no additional effect.

Considering that all the investigated hybrid systems are fabricated 
with the same components (NPD and MoO3), we hypothesize that the 
different amount of damage accumulation observed in Figs. 3a and 4c, as 
well as the differences in damage relief by temperature decrease 
(Figs. 3b and 4d), are connected with the different architecture of the 
samples: a layered system the former, an intimately mixed structure the 
latter. In the bilayer, the presence of a continuous MoO3 overlayer al
lows inorganic atoms and clusters generated during sputtering of the 
inorganic overlayer to penetrate the underlying organic film, thereby 
promoting fragmentation and generation of reactive species, although in 
less extent than in the case of argon clusters; in this context, temperature 
reduction helps to preserve molecular information by reducing the re
action rate of the active species. In contrast, the intimately mixed MoO3/ 
NPD blend is thought to be composed of nanometer-sized domains, 
which dimensions act as a physical constraint for damage accumulation, 
consenting the sole use of a reactive sputter beam as O2-GCIB to prevent 
the damage mechanisms from extending further. As expected, this does 
not happen in the case of Ar-GCIB, which is unable to provide a radical 
scavenging action. An additional positive effect is also expected to arise 
from the reduced sputtering yield disparity between the organic and 
inorganic components (see Table 1) when using oxygen clusters instead 
of argon clusters.

Finally, it is worth noting that some indication regarding the struc
ture of the blended architecture arises from the profiles in Figs. 4c-d. In 
both cases, a closer inspection of the profiles shows that the NPD [M]⁺ 
and MoO2

+ signals exhibit oscillations around the steady state value (see 
Figure S1 where signals are plotted in linear scale). Such alternating 
intensities suggest the presence of regions with varying local composi
tion and may indicate an architecture of the co-deposited layer where 

the organization of nanometer-sized domains gives rise to a structure 
with alternating regions that, along the z-axis, are relatively enriched in 
one component and depleted in the other. Specifically, the NPD [M]+

signal (Figs. 4c-d) shows two maxima (not considering the surface peak) 
corresponding to about 1.5 × 1014 ions/cm2 and 2.7 × 1014 ions/cm2, 
while the MoO2

+ signal displays maxima approximately in correspon
dence of the NPD signal local minima, i.e. at about 0.9 × 1014 ions/cm2, 
2.1 × 1014 and 3.1 × 1014 ions/cm2 respectively (see Figure S1). 
Considering that the total thickness of the hybrid layer is 50 nm, the 
peak-to-peak distances correspond to about 15 nm, which gives an 
indication of the average spacing of the domains and can be also 
considered as an upper limit for their dimension along the z-axis. Such 
reasoning is prompted by the similarity of the profile shapes of Figs. 4c- 
d with the profile shapes observed in the case of block copolymer films 
forming regularly arranged domains, which presence and spacing is 
detected along the z-axis as oscillations of the pertinent ToF-SIMS sig
nals [31]. While these considerations remain hypothetical and require 
further validation, such preliminary insights were uniquely enabled by 
the reactive O2 cluster beam approach. This method paves the way for 
efficient physico-chemical characterization of complex hybrid devices.

4. Conclusion

This work demonstrates, for the first time, the potential of employing 
a high-energy-per-molecule O₂-GCIB sputter source to perform reliable 
dual-beam SIMS depth profiling on both layered and blended hybrid 
films composed of molybdenum oxide (MoO3) and N,N′-Di(1-naphthyl)- 
N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPD). Oxygen clusters are 
proven to offer the dual advantage of mitigating the degradation of the 
organic component's molecular signals and reducing the disparity in 
sputtering yields of the two components. A proposed radical scavenging 

Fig. 4. Dual beam ToF-SIMS depth profiles of MoO3–NPD blended film obtained using 20 keV Ar500
+ as sputtering beam (a) at room temperature and (b) at 148 K and 

with 20 keV (O2)500
+ as sputter beam (c) at room temperature and (d) at 148 K.
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mechanism accounts for the positive effect of the oxygen clusters in 
preserving molecular information along the whole sample thickness. In 
addition, the observed reduction of the gap between the sputtering yield 
of the organic and inorganic constituents is very promising in the quest 
for minimizing artifacts that would otherwise complicate data inter
pretation. Sample cooling during O2-GCIB sputtering is found to be 
effective in improving the quality of molecular depth profiles in those 
instances where some damage accumulation persists at room tempera
ture, such as the MoO3/NPD layered sample, while it has negligible ef
fect when the scavenging effect of the reactive oxygen cluster beam is 
enough, as in the case of the blended system, for efficiently suppress 
damage accumulation. Moreover, the SIMS depth profiles obtained 
using the high-energy-per-molecule O2-GCIB provided valuable insights 
into the nanoscale structure of the blended hybrid system. The proposed 
methodology for the characterization of technologically relevant 
organic-inorganic hybrid materials addresses long-standing limitations 
of SIMS-based depth profiling and offers a new, effective approach for 
the accurate characterization of such complex systems.

CRediT authorship contribution statement

Giuseppe Ragusano: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Marcus Rohnke: Writing – 
review & editing, Supervision, Resources, Funding acquisition. Ales
sandro Auditore: Writing – review & editing, Supervision, Methodol
ogy, Data curation. Nunzio Tuccitto: Writing – review & editing, 
Methodology. Alberto Bossi: Writing – review & editing, Resources. 
Marta Penconi: Writing – review & editing, Resources. Antonino Lic
ciardello: Writing – review & editing, Supervision, Methodology, 
Funding acquisition, Conceptualization. Valentina Spampinato: 
Writing – review & editing, Supervision, Project administration, Meth
odology, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

G.R. gratefully acknowledge Pascal Dippell and David Schäfer for 
their helpful discussions and technical support during this work. M.R. 
thanks the BMFTR for funding the AFM-SIMS within the ProGrAL 
project (FKZ 03XP0427). G.R., V.S., A.B. and A.L. would like to 
acknowledge PRIN 2022 project “MEET” (project code 20225P4EJC, 
CUP E53D23008350006), funded under the National Recovery and 
Resilience Plan (NRRP), Mission 4, Component 2, Investment 1.1, call 
tender number 104.. of 2.2.2022 of Italian Ministry of University and 
Research (MUR), funded by the European Union - NextGenerationEU.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.apsadv.2026.100953.

Data availability

Data will be made available on request.

References

[1] P. Gomez-Romero, A. Pokhriyal, D. Rueda-García, L.N. Bengoa, R.M. González-Gil, 
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