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A B S T R A C T

Time of Flight Secondary Ion Mass Spectrometry is a powerful technique for the characterization of various 
materials. Depth profiling in the dual beam mode enables the acquisition of information about the three- 
dimensional composition of a sample. In this context, the selection of the most appropriate sputter conditions 
is of critical importance in order to ensure the reliability of the results obtained. Despite advancements, chal
lenges persist in finding a suitable sputter source to perform depth profiling on hybrid nanomaterials (based on 
the mixing of pure organic and inorganic compounds), primarily due to the different sputtering conditions 
required for the inorganic and the organic components. In this work, we present an approach that employs a 
high-energy-per-atom argon cluster sputter source to perform depth profiling of a model hybrid sample con
sisting of molybdenum oxide and N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine. The findings 
demonstrated that decreasing the cluster size while maintaining a high kinetic energy of the beam allowed to 
increase the sputtering yield for the inorganic moiety, while preserving the molecular information of the organic 
counterpart. Moreover, we demonstrated that damage accumulation and ion beam mixing processes can be 
successfully attenuated by decreasing the sample temperature during depth profiling.

1. Introduction

Organic-inorganic hybrid nanostructures represent a significant 
advancement in materials science with the potential to revolutionize a 
wide range of high-tech applications [1]. In particular, combining 
organic and inorganic semiconductors in the form of thin layers, in 
either a planar structure or bulk structure, offers a way to prepare new 
functional materials for next-generation optoelectronic devices. This 
approach couples the stability and high carrier mobilities of the inor
ganic material with the cost-effectiveness, ease of production, 
tunability, and flexibility of the organic material.

Organic-inorganic hybrid materials are currently exploited as planar 
heterostructure in several types of optoelectronic devices, such as solar 
cells, light-emitting diodes, and photodetectors, based on layered thin 
films where interfaces between materials with different electronic 

properties are responsible for charge management (generation, injec
tion, transport and blocking).

Hybrid materials further exhibit additional properties that are not 
present in their constituent components. For example, inorga
nic–organic heterojunctions between a donor and an acceptor material 
have recently demonstrated to be able to produce sub-band gap light 
absorption at the interface, resulting in a photoresponsive material for 
application in near infrared (NIR) photodetectors [2,3].

The development of hybrid layered materials with well-defined in
terfaces and optimized morphologies is essential for enhancing their 
functional properties. The physico-chemical interactions at these in
terfaces play a critical role in determining overall performance. How
ever, complex phenomena such as aging [4], diffusion, [5] and 
degradation processes [6,7] can affect the long-term stability and effi
ciency of these heterostructures. Therefore, a thorough understanding of 
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their structural characteristics and time-dependent behavior is vital. 
Achieving this requires the use of advanced characterization techniques 
capable of probing their internal architecture in detail.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a 
highly effective tool for the compositional and structural analysis of a 
wide variety of materials. Its capacity to provide three-dimensional, 
spatially resolved chemical information by means of its depth profiling 
and imaging capability has resulted in advancements in the physico- 
chemical characterization of technological devices. However, a signifi
cant challenge lies in identifying operational conditions to enable the 
simultaneous profiling of inorganic materials, which require high- 
impact energies, and organic materials, which necessitate a balance 
between energy and mass of the primary ion to preserve molecular 
integrity and prevent damage accumulation.

Historically, secondary ion mass spectrometry depth profiling has 
been employed to characterize samples in the microelectronics industry, 
focusing on inorganic materials (metals, semiconductors, and oxides) 
involving the use of monoatomic ion sources such as Ar+, O+ and Cs+, at 
kinetic energies within the kiloelectronvolt (keV) range [8].

The sputtering process, on which SIMS is based, is inherently 
destructive, resulting in the generation of artifacts due to ion beam- 
sample interactions. Specifically, the high fluences of the primary ion 
beam necessary for sputtering can lead to accumulation of damage 
during profiling, including morphological evolution [9], radical gener
ation [9,10], ion beam mixing [11] and preferential sputtering [12–14]. 
Indeed, when performing depth profiling with monoatomic beams on an 
organic or − polymeric materials, damage accumulation was observed 
on the surface [9,10,15–17].

As demonstrated by Noël et al., [18] the utilization of a low energy 
Cs+ sputter beam allowed to achieve favourable outcomes in profiling 
hybrid materials. Cesium has been shown to act as a radical scavenger 
[19,20], reducing radical recombination in organic materials and pre
serving molecular information, while maintaining its capacity to erode 
inorganic materials effectively [21]. Despite this, for certain organic 
structures, Cs+ still leads to a loss of chemical information and the 
absence of a well-defined steady state for characteristic fragments 
[22–24]. This issue can be particularly significant in instances where 
multiple organic layers are deposited sequentially, thereby complicating 
the identification of the precise nature of each component within the 
investigated sample.

The advent of polyatomic (or cluster) ion sources has led to signifi
cant advancements in the field of probing organic materials, overcoming 
the limitation arising from damage accumulation and loss of molecular 
information. Upon impact with the sample surface, each atomic 
component of the cluster acquires a fraction of the total cluster energy, 
leading to a reduction in the projected range of the ion in the sample. 
Moreover, due to the time- and space- overlap of the trajectories of each 
individual component of the cluster, energy is more evenly distributed 
within the interaction volume. All above results, among others, in a 
significant reduction of damage accumulation in the sample during 
depth profile measurements [25]. Starting from SF5

+ [15,17,25], moving 
to C60

+ [26–28], and ultimately to Arn
+ clusters [29–38], the quality of 

depth profiles of organic materials has improved, enabling the tracking 
of repeating unit fragments from polymers and entire molecular ions and 
large fragments from organic solids. Nonetheless, the identification of 
optimal sputter conditions for the acquisition of depth profiling on 
hybrid devices remains an ongoing challenge within the SIMS 
community.

Shen et al. [39] tried C60
+ as sputter beam in dual beam depth 

profiling of a hybrid sample composed of a gold delta layer between 
thicker cholesterol layers, resulting in ion beam enhanced gold diffusion 
and subsequent damage accumulation through the cholesterol buried 
layer, with lower signal intensities compared with the upper layer.

Argon Gas Cluster Ion Beams (Ar-GCIB) are generally employed for 
the investigation of organic solids and polymeric materials, leading to 
high sputtering yields, low damage accumulation, and sharper 

molecular depth profiles [29,30]. The lower energy per atom, combined 
with the great number of atoms impacting the surface, creates large 
craters with negligible damage accumulation, from which a significant 
number of molecular fragments are ejected [31]. Although Ar-GCIB has 
been extensively utilized for the investigation of organic matter, its 
application in the study of inorganic materials has been relatively 
limited [32–36].

Seah [35] showed that the dependance of sputtering yield on both 
energy and size of the cluster projectile for various materials can be 
described using a “universal” equation. This equation relates the sput
tering yield to the energy per atom of the cluster, using two fitting pa
rameters (A and q). Interestingly, the sputtering yields of different 
inorganic materials tend to collapse roughly in the same curve, which 
differs from the curve onto which the data for organic materials 
approximately converge.

The study further highlights that, under conditions most suited for 
organics (E/n from 2 to 5 eV), the sputter yields of inorganic materials 
are between 2 and 3 orders of magnitude lower than those of organic 
materials, which makes it difficult to erode thick inorganic layers usu
ally present in hybrid devices or composites.

Nevertheless, the difference in sputter yields between organic and 
inorganic materials tends to diminish as the E/n ratio increases and the 
clusters become smaller, particularly under conditions where organic 
materials are prone to damage accumulation. A potential compromise 
could involve utilising Argon clusters with ≤ 500 atoms and energy ≥
10 keV, which are capable of inflicting minimal damage to organics 
while concurrently enhancing the sputter yields of inorganic materials 
[40].

Finally, it has been demonstrated for both monoatomic and poly
atomic sources that temperature significantly affects depth profiling 
outcomes on organic and polymeric systems [28,37,38], resulting in 
decreased sputter-induced roughness evolution, improved depth reso
lution, and higher overall structure-related signals compared to analyses 
conducted at room temperature [37,38].

In particular, Mahoney et al. [38] proposed that the improved depth 
profile characteristics at low temperatures for polymers are attributable 
to changes in polymer properties, which enhance inter and intrachain 
coupling, resulting in more uniform sputtering. Another explanation 
could be the reduced cross-linking tendency during sputtering at low 
temperatures, which minimizes chemical damage and allow to preserve 
the structural integrity of characteristic fragments [28,41,42].

Therefore, the effect of the temperature on the depth-profiling could 
be exploited to further improve the results obtained at room tempera
ture in those cases where the organic component is severely affected by 
beam-induced damage.

This study investigates the potential of using a high-energy-per-atom 
argon cluster sputtering beam for the depth profiling of a model 
layered hybrid system obtained by vacuum thermal deposition of two 
materials that are already used in optoelectronic devices: molybdenum 
trioxide (MoO3), which is usually used as a acceptor and buffer layer, 
and N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine 
(NPD, Fig. 1a), which is an arylamine commonly used as a hole transport 
and donor material. Furthermore, the realized organic–inorganic inter
face has been proven to produce a NIR photoresponsive material 
demonstrating the potential of this hybrid architecture for NIR photo
detection [2,3]. To investigate how variations in E/n influence the 
quality of the resulting data, two extreme conditions were employed: 
Ar4000

+ 20 keV (5 eV/n), which is typically utilized for depth profiling 
organic materials, and high-energy-per-atom Ar500

+ 20 keV (40 eV/n). 
Initially, depth profiles were acquired on two single-component thin 
films (amine and oxide) to determine which sputter condition was the 
best compromise between eroding the inorganic component and pre
serving information on the organic one. Then, depth profiles were ac
quired on a layered hybrid system consisting of the above-mentioned 
materials. Additionally, temperature-assisted depth profiling was con
ducted to investigate how reduced sample temperature affects the 
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preservation of molecular information from characteristic organic 
fragments. This study aims to contribute to the development of an 
effective methodology for the physico-chemical characterization of 
hybrid devices in order to obtain detailed information on such complex 
systems.

2. Materials and methods

2.1. Sample preparation

A commercially available arylamine, NPD (N,N′-Di(1-naphthyl)-N, 
N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine) (Fig. 1a), was purchased from 
TCI and utilized as received to serve as the organic component of the 
hybrid material. For the inorganic component, molybdenum trioxide 
(MoO3), (Merck) was employed. Thin films were prepared on silicon 
substrates which were cleaned prior depositions by successive sonicat
ion with deionized water, acetone, and isopropanol for 10 min each.

The samples were prepared by physical vapor deposition at a pres
sure of 2 × 10− 6 mbar in a Kenosistec KE-500 chamber. NPD was 
evaporated from an effusive Knudsen cell source and MoO3 from a 
thermal Joule effect source. The sample holder was located 300 mm 
away from the sources and maintained at room temperature. A quartz- 
crystal microbalance, positioned close to the sample and equipped 
with gold-coated crystal sensor (INFICON), allowed for monitoring the 
deposition rates (0.30 Å/s for NPD and 0.15 Å/s for MoO3).

The nominal thickness of NPD and MoO3 layers was determined by 
correlating the reading of the quartz crystal monitor to the measured 
thickness as obtained by a Bruker DektakXT contact profilometer, for at 
least three evaporated films of each material.

Three distinct samples (Fig. 1b, c, d) were systematically prepared on 
silicon substrate, respectively: 50 nm MoO3 layer, 50 nm NPD layer and 
10 nm MoO3/50 nm NPD layers.

2.2. ToF-SIMS measurements

ToF-SIMS depth profiles of the fabricated samples were acquired 
using a ToF-SIMS IV instrument (IONTOF, GmbH, Münster, Germany) 
retrofitted with an Ar-GCIB source and equipped with a temperature- 
controlled sample holder for low-temperature depth profiling (using 
liquid nitrogen). A ToF-SIMS NCS instrument (ION-TOF GmbH, 
Münster, Germany) on which an Atomic Force Microscope (AFM) is 
integrated in the same UHV analysis chamber was used for in-situ AFM 
measurements. Both instruments operated in dual beam mode, utilizing 
a liquid metal ion gun (LMIG) for analysis and an Ar-GCIB source for 

sputtering.
For the LMIG analysis beam, Bi3+ clusters at 25 keV were selected, 

with a primary ion current between 0.2 and 0.3 pA, measured by a 
Faraday cup. The beam was rastered over areas of 200 × 200 μm2.

For the Ar-GCIB source, two sputter conditions with different cluster 
distributions were employed: Ar500

+ at 20 keV and Ar4000
+ at 20 keV. In 

both conditions, the sputter beam current was 0.2 nA, rastered over a 
surface of 500 × 500 μm2. Depth profiling was conducted in “non-in
terlaced” mode, with a cycle time of 200 μs, utilizing 1 frame of analysis 
and 1 frame of sputtering, and a 0.5-second pause.

The spectra, acquired in positive polarity mode, were calibrated 
using the following ions: CH3

+, C3H7
+, C4H3

+ and C6H5
+.

2.3. XPS measurements

X-ray Photoelectron Spectroscopy (XPS) analysis was performed 
using a VersaProbe 3 instrument (Physical Electronics), equipped with a 
monochromatic Al Kα X-ray source (photon energy: 1486.6 eV) utilizing 
a spot size of 100 µm. Charge neutralization was applied throughout the 
measurements to compensate for surface charging. Sputter depth 
profiling was carried out using an argon gas cluster ion beam (Ar-GCIB) 
source, with a cluster size distribution centered at 620 atoms and an 
acceleration voltage of 20 keV. The selected primary ion current was 8.0 
nA. The ion beam was rastered over a 3 × 3 mm2 area. All spectra were 
acquired at an emission angle of 45◦ relative to the sample surface. 
Binding energy calibration was referenced to the C 1 s peak at 284.8 eV.

2.4. AFM measurements

Topography images and long-range surface profiles on the sputtered 
craters were acquired in-situ with the AFM module integrated into the 
same UHV analysis chamber of the ToF-SIMS NCS [43]. The images were 
obtained in contact mode using a diamond tip on a scanned area of 10 ×
10 µm2 (scan rate of 5 µm/s, 256 × 256 pixels).

2.5. Sputtering yields

The sputtering yields of the investigated samples were determined 
using two single-component thin films. Depth profiling was halted at 
approximately half the film thickness, after which a long-range surface 
scan (acquired in-situ with the AFM module) was conducted over each 
crater region to measure its depth. This approach enabled the calcula
tion of the sputtering yield using Equation (1) [18]: 

Fig. 1. Molecular structure of the organic donor material and layout of thin film architectures; a) NPD, b) MoO3 film on Si, 50 nm thickness, c) NPD film on Si, 50 nm 
thickness, d) MoO3/NPD film on Si, 10 nm and 50 nm thickness respectively.
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Y =
eAd
It

(1) 

Equation (1): Sputtering yield equation.
where e is the electron charge (1.6e-19 C), A is the surface area of the 

sputtered crater (nm2), d is the measured crater depth (nm), I is the 
sputter current as an average value between the currents measured 
before and after the depth profile (A), and t is the sputtering time (s).

3. Results and discussion

The present study focuses on the evaluation of the exploitation of a 
high-energy-per-atom argon cluster sputtering beam for the depth 
profiling of layered hybrid materials. As outlined in the introduction, the 
ideal sputtering conditions for organic and inorganic materials may 
differ significantly, necessitating the identification of a satisfactory 
compromise in experimental conditions to achieve the desired outcome. 
With this aim, two Ar-GCIB sputtering conditions were used: an Ar4000

+

20 keV (5 eV/n) was selected as an appropriate condition for eroding 
organic materials, and an Ar500

+ 20 keV (40 eV/n) beam was used with 
the aim of evaluating the effect of an increase of E/n value on the 
sputtering of both inorganic and organic materials. The investigation 
focused on sputtering yield (Y), retention of molecular information and 
ion beam-induced roughness evolution. Y quantifies the volume (nm3) 
of sample eroded per incident primary ion (PI), serving as a key measure 
of sputter beam efficiency. Furthermore, the evolution of roughness is of 
critical importance as it impacts the depth resolution of the acquired 
data. Indeed, due to the presence of roughness, secondary ions may 
originate simultaneously from differing heights of the sample, thereby 
complicating data interpretation, including the accurate definition of 
interfaces. Therefore, an ideal sputtering condition should achieve 
uniform sputtering yields across all materials in the sample while 
minimizing induced roughness at the crater bottom.

The two different GCIB sputter conditions were evaluated on pure 
MoO3 and NPD films, each 50 nm in thickness, deposited upon a planar 
silicon wafer. The obtained sputtering yields are reported in Table 1.

It must be noted that the reported sputtering yields for MoO3 should 
be considered as average values for a material whose stoichiometry 
evolves with increasing fluence (Fig. S1). Indeed, it is known that under 
monoatomic ion beam sputtering, molybdenum oxide undergoes 
reduction, due to the preferential removal of oxygen atoms [12,13], 
resulting in the formation of a sub-stoichiometric oxide, with conse
quent molybdenum enrichment of the sample surface. Similar behaviors 
have been reported, under Ar-GCIB bombardment, for analogous oxides 
such as NbOX [32]. In our case, combined XPS-Ar-GCIB measurements 
show that MoO3 undergoes reduction during sputtering in conditions 
similar to those adopted for SIMS depth profiling (Fig. 2).

Regardless of this behavior, by looking at the values reported in 
Table 1, as expected [32,35], the use of higher energy per incident atom 
results in an increased sputtering yield of the inorganic material. In fact, 
the average sputtering yield of MoO3 increases from 1.3 nm3/PI found 
under Ar4000

+ 20 keV (5 eV/n) to 5.8 nm3/PI under Ar500
+ 20 keV (40 eV/ 

n) bombardment, i.e. nearly a factor five.
By contrast, in the case of NPD the sputtering yield with 20 keV 

Ar4000
+ exceeds by a factor of more than two the value obtained with 20 

keV Ar500
+ . This finding apparently contradicts the previsions of the 

“universal” curve reported by Seah, but it can be explained with the 
presence of some damage of the NPD layer under the higher energy per 
atom irradiation, similarly to what is known to happen when attempting 
to profile with C60

+ primary ion organic or polymer systems that undergo 
extensive damage [28]. In any case, according to Table 1, as the energy 
per atom increases from 5 eV to 40 eV, it is possible to reduce the 
sputtering yield difference between MoO3 and NPD, with a decrease of 
about one order of magnitude of the YNPD/YMoO3 ratio.

In the context of efficient SIMS characterization of hybrid materials, 
it is considered optimal to ensure that the sputtering yield for all ma
terials is as uniform as possible. This is to minimize artifacts, and more 
importantly, to effectively erode all components of the specimen. In this 
regard, the 40 eV/n beam has been identified as a more promising 
analytical tool for the study of the NPD/MoO3 hybrid system.

It is also crucial to consider that, in selecting the dimension and 
energy of the primary cluster ions, the sputtering yield ratio must be 
considered alongside other parameters, such as the retention of the 
molecular information from the organic component of the hybrid 
system.

In the case of organic samples, one expects that the molecular in
formation is better preserved at lower energies/atom. This, in turn, is 
expected to enhance the probability of sampling an intact molecule from 
beneath the surface, as fewer impacts are necessary to remove the 
overlying material, thus mitigating the damage accumulation process 
[48]. For this reason, following the assessment of the 40 eV/n condition 
as effective in the erosion of the inorganic moiety, and with the objective 
of the characterization of a layered hybrid system, we evaluated the 

Table 1 
Sputtering yield of NPD and MoO3 obtained with Ar4000

+ 20 keV, Ar500
+ 20 KeV. 

The last column shows the ratio between sputtering yields of the two pure ma
terials for each sputter beam.

YNPD YMoO3
YNPD

YMoO3

Ar4000
+ 20 keV (5 eV/n) 162 ± 7 nm3/PI 1.3 ± 0.1 nm3/PI 124.6

Ar500
+ 20 keV (40 eV/n) 74 ± 9 nm3/PI 5.8 ± 1 nm3/PI 12.7

Fig. 2. Effect of 20 keV Ar620
+ irradiation on MoO3 film (Fig. 1b), following the 

Mo3d XPS signal. The surface spectrum (black line) shows a binding energy of 
232.9 eV for Mo 3d5/2, in agreement with literature values for Mo(VI) [44–46]. 
The broad range of B.E.’s labelled as MoOx approximately indicates the ex
pected position of bands due to the presence of suboxides due to beam-induced 
reduction. After a fluence of 6.33 × 1014 ions/cm2 a calculated binding energy 
of 227.7 eV for Mo 3d5/2 appears, in accordance with the literature value for Mo 
(0) [47].
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efficacy of this experimental condition in preventing damage accumu
lation during sputtering of the pure organic material, i.e. NPD, 
throughout the SIMS depth profiling experiment. Fig. 3 reports the ToF- 
SIMS depth profile of the NPD layer deposited on silicon, obtained with 
Ar500

+ 20 keV (40 eV/n), where C44H32N2
+ (molecular ion, [M]+), 

C16H11N+ (an intense characteristic fragment) and Si2+ (from substrate) 
are reported. The [M]+ signal (m/z 588) exhibits an initial exponential 
intensity decay at low primary ion fluence, with a change in slope 
occurring at approximately 1 × 1013 ions/cm2, where a “pseudo” steady 
state [37] is achieved and maintained until the interface with the sub
strate is reached. A similar trend is observed for the C16H11N+ charac
teristic fragment, which however tends to increase its relative intensity, 
compared to [M]+, after the very initial part of the profile. These ob
servations indicate that the organic material can be regarded as “pris
tine” at low fluence, while at higher fluence a certain alteration of the 
molecular structure is induced, resulting in a more pronounced [M]+

intensity decay compared to C16H11N+ characteristic fragment intensity. 
As sputtering continues, the fraction of chemical damaged subsurface 
molecules increases eventually reaching a saturation point [48], where 
the pseudo steady state appears [37,49]. Noticing, despite the utilization 
of sputtering parameters that are not conventionally considered optimal 
for the profiling of molecular organic materials, the molecular signal of 
NPD was effectively detected and preserved across the entire thickness 
of the layer.

Looking at the depth profile reported in Fig. 3, we observe the 
presence of a broad interface with the substrate centered at about 6 ×
1013 ions/cm2, in contrast with what was observed on the same layer 
eroded with a lower eV/n beam (Fig. S2 a). Such a broad interface might 
suggest, among others, the presence of a rather high roughness at the 
interface.

To investigate this hypothesis, AFM measurements were conducted 
both prior to and during the SIMS depth profiling on NPD. These mea
surements provided insight into the evolution of beam-induced surface 
roughness. Prior to sputtering (Fig. 4a) the NPD sample revealed an 
average roughness (RRMS) of 0.25 nm at the top surface, indicating a 
highly smooth morphology consistent with the typical results of physical 
vapor deposition (PVD) technique employed for material deposition. In 
contrast, the RRMS measured for a sputtered crater obtained with Ar500

+ at 
20 keV and stopped at a fluence of ~ 1.5 × 1013 ions/cm2 was 2.56 nm 
(Fig. 4b), while the RRMS measured when using Ar4000

+ 20 keV was only 
0.92 nm (Fig. S2 b). This substantial increase in surface roughness 
suggests that the applied sputtering condition induces not only chemical 

but also morphological damage. The second one is responsible for the 
broad interface observed in the depth profile, since areas still containing 
NPD and areas already showing the silicon substrate are being simul
taneously eroded in the same sputter frame [50–53].

These preliminary investigations comparing the performance of 
Ar500

+ 20 keV (40 eV/n) to a lower energy per atom sputtering regime 
(Ar4000

+ 20 keV, 5 eV/n) demonstrate that the higher energy condition 
significantly reduces the sputtering yield disparity between the organic 
and inorganic components to approximately one order of magnitude, as 
shown in Table 1. This improvement helps mitigate potential instru
mental artifacts associated with the use of sputtering conditions poorly 
suited for inorganic materials, like Ar4000

+ 20 keV, which may erode 
different sample components at incompatible rates, as demonstrated 
from the partial depth profile shown in Fig. S3. Despite the known risk of 
partial chemical or morphological damage to the organic phase under 
high-energy conditions, it is noteworthy that the molecular information 
from NPD was preserved down to the silicon substrate. These findings 
highlight Ar500

+ 20 keV as a promising compromise, balancing the need 
for efficient erosion of the inorganic matrix with the preservation of 
molecular integrity in the organic component. Based on these results, 
this condition was selected for further investigation into the model 
layered hybrid system.

Fig. 5 reports a depth profile, obtained in dual beam mode by using 
such cluster beam for sputtering and a Bi3+ beam for analysis, of a 
structure wherein the organic layer is sandwiched between the silicon 
substrate and a top layer of MoO3. The characteristic ions MoO2

+ (m/z 
130) and Mo+ (m/z 98) were selected to represent the MoO3 layer while 
the NPD layer is represented in figure by C44H32N2

+ (molecular ion, 
[M]+) and by C+ ion (chosen as non-specific marker of the organic 
layer). The silicon substrate region can be identified by the Si2+ ion.

The MoO2
+ signal delineates the 10 nm layer of MoO3, with an 

interface with NPD identified at ~ 2 × 1013 ions/cm2. The Mo+ signal 
exhibits a maximum shifted to a higher fluence than MoO2

+, consistent 
with the MoO3 reduction upon ion beam bombardment. Simultaneously, 
the C44H32N2

+ signal intensity rapidly increases before beginning a rapid 
decay, failing to reach a steady state and reaching the background in
tensity level much before the silicon interface, which is somehow 
marked by the Si2+ rise. This complicates the identification of the NPD 
layer region and the precise determination of the NPD/Si interface, 
which can be detected by tracking the non-specific C+ ion or, as stated 
above, by means of the substrate signal.

The observed behavior of the [M]+ signal is consistent with a 

Fig. 3. NPD film (Fig. 1c) depth profile acquired with Ar500
+ 20 keV. The two regions, NPD, and silicon substrate, are indicated by the red and gray boxes, 

respectively. The dashed line qualitatively marks the interface. Intensities are normalized to the steady state value of the substrate signal Si2+.
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chemical damage process [54–57], where ion-sample interactions 
generate reactive species (presumably free radicals) that rapidly un
dergo reactions (such as crosslinking, rearrangement or decomposition 
reactions) [58], resulting in the loss of molecular information. Although 
some ion-induced reaction mechanisms have been investigated in 
polymers such as polystyrene or PMMA, as first approximation it is 
reasonable to extend the applicability of the concept of ion-beam 
induced reactions to an organic molecular solid such as NPD.

It is interesting to observe that, while in depth profile of pure NPD 
acquired in the same conditions (Fig. 3) it is possible to follow [M]+

down to the substrate, in this case the molecular signal disappears well 
before. Additionally, while in case of Fig. 3 a fluence of ~ 4 × 1013 ions/ 
cm2 is sufficient to erode 50 nm of NPD deposited on silicon, in this case 
the NPD/Si interface is identified at ~ 4 × 1014 ions/cm2, indicating a 
marked reduction of the sputtering yield. Also, such a decrease in 
sputtering yield suggests the presence of damage accumulation, in 
analogy to the case of polymer systems where extensive damage corre
sponds to lower sputtering yields. Since the selected operational con
dition alone cannot account for the observed phenomenon, an 
additional reason must be considered.

In the literature, similar damage effects have been described in the 
case of other organic layers underlying a metal film, depth profiled using 
low energy Cs+ [18], or C60

+ [39,59]. It has been hypothesized that, as a 
consequence of ion bombardment, metal penetration occurs within the 
organic layer, and this is thought to produce increased damage of the 
organic system. This hypothesis is consistent with the results of Kennedy 

et al. [60] who performed a molecular dynamics (MD) simulation of a 
silver/octatetraene hybrid interface bombarded with a C60 cluster beam. 
The simulation shows that a complex phenomenology occurs when the 
metal overlayer thickness is small enough to allow part of the beam 
energy to be deposited in the underlying organic layer. This occurs with 
the formation of holes in the metal overlayers, the pushing of metal 
atoms and metal clusters inside the organic film and ion mixing in the 
organic material. According to the authors [60], “the larger information 
depth, the larger displacements, and the altered physical and chemical 
environment are the main reasons for the poor ability to depth profile 
through a metal–organic interface”.

Regardless of the detailed mechanism connected to the presence of 
the top inorganic layer, the chemical damage leading to the loss of 
molecular information is thought to be a kinetically driven process 
[28,41]. In this assumption we can hypothesize that temperature 
changes could interfere with the damage process by modifying the 
reactivity of transient active species (such as radicals) responsible for the 
ion-beam induced damage reactions. Therefore, to investigate the effect 
of temperature variation on the preservation of molecular information 
from the buried organic layer, a depth profile analysis at 148 K using 
Ar500

+ at 20 keV (Fig. 6) was conducted on the bilayer.
Fig. 6 shows that depth profiling at low temperature preserves the 

[M]+ signal nearly down to the silicon substrate. Furthermore, the sili
con interface is reached at a fluence of ~ 2 × 1014 ions/cm2, which is 
approximately half of the fluence required to reach the same interface in 
the depth profile experiment conducted at room temperature (Fig. 5). 

Fig. 4. AFM images and average roughness of the NPD film during cluster-SIMS depth profiling: a) top surface (no irradiation); b) crater bottom after stopping the 
depth profiling at a fluence of ~ 1.5 × 1013 ions/cm2 with Ar500

+ 20 keV.

Fig. 5. MoO3/NPD film (Fig. 1d) depth profile, acquired with Ar500
+ 20 keV. The three regions, MoO3, NPD, and the silicon substrate, are indicated by the blue, red 

and gray boxes, respectively. The dashed lines qualitatively mark the interfaces. Intensities are normalized to the steady state value of the substrate signal Si2+.
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The increased erosion rate is associated with diminished damage accu
mulation, thereby better preserving the pristine material chemical 
properties. This observation suggests that the primary sources of sample 
damage arise from ion-induced chemical reactions and ion beam mixing 
processes at the organic region, as evidenced by the depth profile ac
quired at room temperature. In this context, the reactive species 
generated by the fragmentation of NPD molecules are likely to be 
kinetically immobilized, preventing them from reacting within the 
experimental timescale. This reduction of reactivity decreases the 
damage rate and allows for the preservation of molecular information 
throughout nearly the entire material thickness, while still being able to 
perform depth profiling on the inorganic counterpart.

Noticeably, even at lower temperatures, the signals originating from 
MoO3 layer exhibit the same trend observed at room temperature, 
including the persistence of Mo+ signal through the underlying organic 
layer. In other words, the temperature reduction does not affect directly 
the ion beam mixing process, which − most likely – remains essentially a 
ballistic process, but interferes with the reactive transient species at the 
buried organic layer, generated upon the above-mentioned ion beam 
mixing process. On the other hand, the low temperature slows down the 
rate of the reactions involving the active species produced by the beam 
(including those potentially produced by the penetration of metal atoms 
in the organic layer) therefore inhibiting the occurrence of mechanisms, 
such as crosslinking, that contribute to the damage and thereby miti
gating the loss of molecular information.

4. Conclusions

This study demonstrates the beneficial effects of decreasing sample 
temperature during dual beam SIMS depth profiling of layered hybrid 
samples in combination with the use of high-energy-per-atom argon 
cluster beams. By selecting smaller clusters with higher impact energies, 
compared to the typical values employed in cluster beam sputtering of 
all-organic samples, it is possible to reduce the disparity in sputtering 
yield between the inorganic (MoO3) and the organic (NPD) materials 
while preserving, to some extent, the molecular information.

However, when acquiring depth profiles on layered hybrid systems 
where the inorganic layer is situated on top of the organic one, severe 
chemical damage of the organic layer is observed. This results in the loss 
of molecular information and a reduction of the sputtering yield of such 
a layer. We hypothesized that the processes responsible for such damage 

are kinetically driven. To verify this hypothesis, temperature-assisted 
depth profiles were performed. Specifically, the results demonstrated 
that reducing the sample temperature to 148 K appeared to be sufficient 
to “freeze” the reactive species responsible for the loss of molecular 
information in the NPD organic layer, thereby preserving the charac
teristic ion signals from the organic material and ensuring the successful 
characterization of layered hybrid system. The approach proposed in 
this study paves the way for the investigation of more complex hybrid 
structures, providing a reliable and straightforward method for their 
characterization. The focus of future studies will be to explore and 
investigate the potential of this approach when it is applied to blends of 
organic and inorganic materials, as well as stacks of different organic 
and inorganic materials.
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