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ABSTRACT: In this work, we present the potential of high vacuum-compatible time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS) detectors, which can be integrated within focused ion beam (FIB) instruments, for precise and fast chem-
ical characterization of thin films buried deep under sample surface. This is demonstrated on complex multilayer systems 
composed of alternating ceramic and metallic layers with thicknesses varying from several nanometers to hundreds of na-
nometers. The typical problems of TOF-SIMS technique, i.e. low secondary ion signals and mass interference between ions 
having similar masses, were solved using a novel approach of co-injecting fluorine gas during sample surface sputtering. In 
the most extreme case of Al/Al2O3/Al/Al2O3/…/Al sample, a <10 nm thick Al2O3 thin film, buried under 0.5 µm material, was 
detected and spatially resolved using only 27Al+ signal distribution. This is an impressive achievement taking into account 
that Al and Al2O3 layers varied only by the small amount of oxygen content. Due to its high sensitivity, fluorine gas-assisted 
FIB-TOF-SIMS can be used for quality control of nano- and microdevices as well as for the failure analysis of fabrication 
processes. Therefore, it is expected to play an important role in the development of microelectronics and thin film-based 
devices for energy applications.

INTRODUCTION 

Thin films are defined as 2D layers (i.e. they have one 
dimension negligible when compared to the two other di-
mensions), which are deposited by a progressive addition 
of atoms or molecules.1,2 Usually their thicknesses vary be-
tween subnanometres and several micrometres. The spe-
cific structure of thin films allows them to achieve proper-
ties, which are not accessible by their bulk material. There-
fore, they are commonly used to improve the surface prop-
erties of solids3, such as hardness4 (for watches, jewellery 
and decorative items), reflection or resistance to corro-
sion5. Furthermore, thin films find many applications in 
microelectronics for high-k dielectrics6, microbatteries for 
new energy devices7–10, solid oxide fuel cells (SOFC)11, in 
fabrication of Cu(In,Ga)Se2 thin film solar cells12–14, Dye-
Sensitized Solar Cells (DSSCs), photovoltaics, organic pho-
tovoltaics, transparent conducting oxides15 (TCOs, such as 
SnO2, ZnO, Al:ZnO, black silicon)16–19, anti-reflective coat-
ings15, thin film electroluminescent (TFEL) displays20, thin 
film metal–oxide–semiconductor field-effect transistor 
(MOSFET)21, micro- and nano-electromechanical systems 
(MEMS22 and NEMS23), light-emitting diodes (LEDs)24 as 
well as in medical applications25 and aerospace26. 

The extensive advances of multilayer systems composed 
of thin films, which are often buried deep in a bulk mate-
rial, imply a strong demand for precise and reliable chem-
ical characterization techniques providing nanoscale reso-
lution. This is a challenging task as most of the conven-
tional methods do not have sufficient depth resolution 
(Energy-Dispersive X-ray Spectroscopy, EDX), the analysis 
region is very small, and thus might not be representative 
for the entire specimen (Atom Probe Tomography, APT27 
and Scanning Transmission Electron Microscope, STEM28, 
combined with EDX) and/or the sample preparation pro-
cess is very time-consuming and often requires additional 
instrumentation (such as Focused Ion Beam, FIB29). A pow-
erful alternative to the aforementioned techniques is 
Time-Of-Flight Secondary Ion Mass Spectrometry (TOF-
SIMS)30,31, which allows a sample structure to be chemically 
characterized in 3D with nanoscale spatial resolution32,33, 
and high mass resolution. All (light and heavy) ionized at-
oms and molecules can be detected and isotopes can be 
recognized. This is an important feature when compared 
to STEM/EDX, which does not enable light elements, such 
as Li (broadly used in solid state microbatteries), to be de-
tected. The detailed comparison of these two techniques is 
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presented in our previous work34. Although Li mapping can 
be achieved with atomic resolution when combining STEM 
with EELS (electron energy loss spectroscopy), this solu-
tion is challenging35 and requires tedious lamellae prepara-
tion.  

Furthermore, the extraordinary TOF-SIMS sensitivity36 in 
the order of ppm-ppb allows even trace elements to be 
measured. The size of the analysed Region-Of-Interest 
(ROI) can be as small as 1µm×1µm and as large as 
400µm×400µm, providing complete information on sam-
ple composition. TOF-SIMS does not require any sample 
preparation (sample surface should be flat37 and preferably 
conductive), which is an important advantage over 
STEM/EDX allowing for optimization of experiment dura-
tion and costs. Furthermore, a high vacuum (HV) compat-
ible TOF detector33,38,39 can be integrated within a FIB ana-
lytical chamber, which enables insitu correlative studies 
with other techniques such as Scanning Electron Micros-
copy (SEM), Atomic Force Microscopy (AFM), EDX, Elec-
tron Backscatter Diffraction (EBSD), Raman spectroscopy 
as well as exploitation of Gas Injection System (GIS) to be 
conducted without breaking vacuum conditions between 
the measurements. 

The operation of HV-compatible TOF-SIMS add-on (such 
as HTOF from TOFWERK) integrated within FIB/SEM is 
quite different than the operation of dedicated TOF-SIMS 
instrument (such as TOF.SIMS5 from IONTOF) working 
under ultra-high vacuum (UHV) conditions. In the case of 
HTOF, a single continuous primary ion beam (so far, usu-
ally a Ga beam but other beams such as Ne, He, Xe, O, N 
etc. can potentially be also applied) is used for both, sput-
tering and analysis, and then the secondary ion beam is 
pulsed, whilst TOF.SIMS5 is a dual source system with a 
pulsed Bin primary ion beam used for imaging and a sepa-
rate pulsed O2, Cs, Ar or Xe beam used for sputtering. The 
enhancement of secondary ion generation can be achieved 
by co-injection of supplementary gases provided by GIS 
(H2O or XeF2) in the case of HTOF, whilst the effect of spe-
cies forming a sputtering beam (O2 or Cs) and/or O2 flood-
ing is used to increase ion yields in the case of TOF.SIMS5. 
Furthermore, the HTOF optics is not optimal as it has to 
fit to an existing FIB/SEM (usually equipped with other an-
alytical techniques) whilst TOF.SIMS5 is a standalone in-
strument. The detector specifications indicate the lateral 
resolution <50 nm for HTOF working with Ga beam and 
<60 nm for TOF.SIMS5. In the case of depth resolution, <20 
nm is reported for HTOF and <1 nm for TOF.SIMS5. How-
ever, the literature shows that significantly higher spatial 
resolution of both instruments can be achieved when spe-
cialized procedures are implemented. The mass resolution 
can vary between 3000 and 7000 for HTOF and is >10000 
for TOF.SIMS5. Finally, the operation under HV and UHV 
can have advantages and disadvantages. On the one hand 
the contamination of a sample surface from residual gas is 
lower under UHV, but on the other hand the presence of 
oxygen ions can have beneficial effect on the ionization ef-
ficiency during the experiments under HV. Overall, the 

beam type (element type, single ions/clusters), primary ion 
beam parameters (energy, current), chemical state (with-
out/with supplementary gases) determine the perfor-
mance of the TOF-SIMS technique and the most optimal 
experimental conditions vary depending on analysed ma-
terials. To the best of our knowledge, there are no system-
atic studies, which compare full potential and limitations 
of these two types of TOF-SIMS instruments. Only two 
studies, showing elemental images obtained with the HV-
compatible TOF-SIMS add-on and the dedicated UHV 
TOF-SIMS instrument, which were conducted on exactly 
the same samples and compared to STEM/EDX results, 
have been published34,40.  

In this work, we present the very high chemical sensitivity 
of Ga+ HV FIB-TOF-SIMS for chemical characterization of 
1-10 nanometre thick ceramic thin films (Al2O3) buried be-
tween tens to hundreds of nanometre thick metallic layers 
(Al, Ni, Cu, Zr, Mo, Ag, Au and ZrMoAg). Our studies show 
that the spatial resolution, and thus the image quality of 
the thin films can be significantly improved by the novel 
combination of FIB-TOF-SIMS with in situ GIS, which al-
lowed fluorine gas to be simultaneously delivered to sam-
ple surfaces. In the most extreme case of 
Al/Al2O3/Al/Al2O3/…/Al sample, an approx. 8.5 nm thick 
Al2O3 thin film, buried around 530 nm deep below the sur-
face, was detected and spatially resolved using only the dis-
tribution of a single secondary ion signal. This is an im-
portant achievement taking into account the very small 
size of ceramic thin films and the fact that the chemical 
structure of the alternating layers varied only by the oxy-
gen content. 

 

EXPERIMENTAL 

Materials 

A set of three state-of-the-art multilayer model samples 
was fabricated using an innovative hybrid system combin-
ing physical vapor deposition (PVD) and atomic layer dep-
osition (ALD)20, which allows subsequent deposition pro-
cesses to be conducted without breaking vacuum condi-
tions. This was an important technological advance (as, so 
far, the PVD and ALD processes were performed in sepa-
rate vacuum chambers 41,42) allowing the layers' surface ox-
idation to be avoided, and multilayer production costs to 
be significantly reduced. Moreover, the combination of 
ALD and PVD provided us a unique opportunity of depos-
iting multilayers composed of thin films with thicknesses 
varying by up to two orders of magnitude. A detailed de-
scription of the custom-made ALD-PVD instrument (de-
signed at Empa, Thun, Switzerland and fabricated by 
MANTIS Deposition Ltd. Oxfordshire, United Kingdom) 
used in this study is presented in ref.43. The high purity 
(99.95%-99.99%) metal targets from HMV Hauner (Roet-
tenbach, Germany) and Testbourne Ltd (Basingstoke, 
United Kingdom), were used for the thin film depositions. 

The multilayer stacks consisted of alternating metallic thin 
films with thicknesses in the order of 10-100 nm (deposited 



 

 

Figure 1. Diagram of dedicated model samples fabricated with 
hybrid ALD-PVD: a) Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3, b) 
ZrMoAg/Al2O3/Mo/Al2O3/Ag/Al2O3/Zr, c) 
Al/Al2O3/Al/Al2O3/…/Al. Not to scale. 

with PVD) and ceramic thin films with the thicknesses var-
ying from 1 to 10 nm (deposited with ALD). The diagrams 
of the model multilayers are given in Figure 1. The 
Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3 multilayer was fabri-
cated to verify the feasibility of measuring insulating layers 
buried in a conducting material. In this case, the sample 
components were chosen to ensure a high mass (precisely 
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and, therefore, reduce the probability of artefacts originat-
ing from potential mass interference. Furthermore, the dif-
ferences in sputtering rates between metallic and ceramic 
components were analyzed to design an optimal structure 
of the final model sample for demonstrating the very high 
sensitivity of FIB-TOF-SIMS. This sample was also used to 
optimize the experimental conditions, such as primary ion 
beam current, for measurements at low beam energy of 5 
keV (used for the final model sample). The design of 
ZrMoAg/Al2O3/Mo/Al2O3/Ag/Al2O3/Zr multilayer was 
based on approx. 100 nm thick metallic PVD layers sepa-
rated by approx. 5 nm thick ceramic ALD layers. The PVD 
layers consisted of metals, whose combination of second-
ary ions can result in high mass-interference (for example 
TOF-SIMS signal acquired at mass 98 corresponds to 98Mo+ 
ions and 96Zr1H2

+ ions whilst 107Ag+ ions have the same mass 
as 91Zr16O+ ions), to demonstrate the benefits of conducting 
fluorine gas-assisted TOF-SIMS analysis. Finally, in the 
case of Al/Al2O3/Al/Al2O3/…/Al multilayer, the deposition 
parameters were adjusted to provide eleven approx. 125 nm 
thick Al thin films separated with ten Al2O3 thin films with 
thicknesses varying between 1 nm (the layer deposited the 
closest to the substrate) and 10 nm (the layer located the 
closest to the multilayer surface) with 1 nm size increment. 
The precise thicknesses of Al2O3 layers were achieved due 
to the self-limiting nature of the ALD process. This was 
proven in our previous paper43 using TEM.  Al was chosen 
as the main sample component in this case as it is charac-
terized with excellent ionization efficiency and low detec-
tion limits40,44,45. Since the PVD and ALD layers differed be-
tween each other only by the presence of oxygen content, 
this sample was used for presenting the extremely high 
sensitivity of FIB-TOF-SIMS technique. The exact deposi-
tion parameters of model samples are summarized in Table 
S1-S6. A <100> single crystal Si wafer was used as a sub-
strate for all multilayers. A Tepla Ion80 RF plasma sputter-
ing instrument was used to clean the substrate surface 
prior the deposition in the case of 
ZrMoAg/Al2O3/Mo/Al2O3/Ag/Al2O3/Zr multilayer. 

 

Methods 

A Hitachi (Tokyo, Japan) S-4800 high resolution Field 
Emission Scanning Electron Microscope (FE-SEM)46 was 
used to image the cross-sections of the multilayers and 
measure the exact thicknesses of the thin films. 
The elemental characterization was conducted using a HV-
compatible High Resolution TOF (HTOF) detector from 
TOFWERK (Thun, Switzerland) integrated within a 
FIB/SEM dual beam system LYRA3 from Tescan (Brno, the 
Czech Republic). The supplementary fluorine gas was pro-
vided by an in situ GIS. In this study, we present for the 
first time combination of HTOF with GIS. Compared to the 
Compact TOF (CTOF), which is reported in our previous 
publications47–49, the front part of HTOF optics is different 
and the detector column is located much closer to a sample 
surface. In this case, the nominal location of GIS nozzle 
(i.e. the location that is usually used for standard GIS ap-
plications such as material deposition or increase of FIB 
sputter rates) distorts applied electric field lines between a 
sample surface and the tip of the TOF detector, conse-
quently preventing efficient ion collection. Therefore, an 
adjustment of GIS location was performed on a bulk Si 
sample prior to the actual measurements on the multi-
layers. The maximum efficiency of ion collection was 
achieved when GIS was withdrawn by around 1.4 mm with 
respect to the nominal configuration (i.e. 23 mm instead of 
24.4 mm in the case of this setup). Most likely, such modi-
fication of the GIS position results in a different quantity 
of delivered gas to the sample surface and, consequently, 
can influence the sputtering and ionization processes dif-
ferently than in the case of using the CTOF detector. The 
samples were measured at standard vacuum conditions 
(without any gas, i.e. at approx. 6×10-6 mbar chamber back-
ground pressure) and in the presence of XeF2 (i.e. at ap-
prox. 8×10-6 mbar chamber background pressure). During 
gas-assisted TOF-SIMS, the changes of ionization proba-
bility of sample components are rather assigned to the 
presence of F than Xe, as Xe is noble gas. However, the in-
fluence of the Xe cannot be completely excluded at this 
stage. The amount of delivered gas cannot be measured di-
rectly during the TOF-SIMS experiments. However, the gas 
flux can be simulated, as we have presented in detail in our 
previous work.47,50 

A continuous (i.e. not pulsed) mono-isotopic 69Ga+ FIB 
beam was used for sputtering and imaging during the TOF-
SIMS analysis. The Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3 
and Al/Al2O3/Al/Al2O3/…/Al multilayers were measured at 
5 keV energy beam and 51-54 pA ion current to maximize 
the depth resolution at standard vacuum conditions. The 
ZrMoAg/Al2O3/Mo/Al2O3/Ag/Al2O3/Zr sample was meas-
ured with a 20 keV energy beam at 117-118 pA ion current. 
This allowed us to demonstrate that high quality elemental 
images can be obtained at high beam energy (setting the 
instrument at higher beam energies is usually much faster 
and easier than setting it at low beam energies) in the pres-
ence of supplementary gas. In the case of all samples, the 
signal was collected with 32 µs dwell time from 10µm×10µm 



 

areas with 512×512 pixels and 2×2 binning. In order to pre-
vent data acquisition artefacts, the elemental images and 
depth profiles were generated using only the central 
5µm×5µm ROI. The data was mass-calibrated with the 
most prominent isotope peaks of the samples, the sample 
substrate (28Si+) and the primary ion beam (69Ga+). The data 
acquisition and processing were done using Tof-Sims Ex-
plorer 1.4.0.0 with TofDaq version 1.99 (from TOFWERK, 
Thun, Switzerland).  

 

Results and discussion 

The main objective of this work is to demonstrate the ex-
treme sensitivity of FIB-TOF-SIMS technique for charac-
terizing complex material structures based on thin films. 
To achieve that, we launched systematic studies on differ-
ent multilayers with increasing complexity of their struc-
tures. The exact composition and thicknesses of the thin 
films were achieved thanks to the in situ hybrid ALD-PVD 
system, which enabled all crucial (for this study) elements 
to be deposited with high precision. In the first step of this 
study, a conductive-insulating multilayer sample 
(Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3), which consisted of 
elements ensuring high material contrast and, therefore, 
preventing potential mass interference, was designed. The 
feasibility of imaging the ceramic ALD thin films buried 
between metallic PVD layers was verified. Furthermore, 
the differences in sputtering rates were analysed. In the fol-
lowing stage, we designed a multilayer structure consisting 
of metals, whose secondary ion signals highly mass inter-
fere and, therefore, are difficult to characterize with TOF-
SIMS under standard vacuum conditions. This sample was 
used to present the benefits of conducting fluorine gas-as-
sisted TOF-SIMS analysis, which allows mass interference 
to be separated. The obtained results also demonstrate the 
potential of FIB-TOF-SIMS for the quality verification of 
multilayer deposition process and the failure analysis. In 
the final step, the very high sensitivity of FIB-TOF-SIMS 
was proved using a dedicated model multilayer, whose thin 
films' chemical structure varied only by the presence of ox-
ygen content (i.e. Al/Al2O3/Al/Al2O3/…/Al).  

 

SEM and TEM imaging on the sample cross-sections and 
layer thickness measurements 

Figure S1 shows the SEM images acquired on the sample 
cross-sections, which were mechanically cleaved. The total 
thickness of 186 nm was measured in the case of 
Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3. Due to insufficient 
image resolution and contrast as well as the surface of the 
cross-section, the thicknesses of individual Ni, Au and Cu 
layers could not be assessed. However, in the case of two 
other two samples, the PVD thin films were distinct and 
their size in the order of 100 nm was measured. It was not 
possible, though, to distinguish any Al2O3 layers using SEM 
imaging. As the exact size of these layers was crucial for 
determining FIB-TOF-SIMS sensitivity, supplementary 

TEM imaging of Al/Al2O3/Al/Al2O3/…/Al lamellae was pro-
vided (Figure S2). The thickness of 10th and 8th (counting 
from the substrate) Al2O3 thin film was 12.1 nm and 9.7 nm, 
respectively. This allowed the size of 7th layer (the deepest 
buried thin film, which was measured with TOF-SIMS) to 
be calculated (approx. 8.5 nm).  

 

FIB-TOF-SIMS elemental characterization of multilayer 
structure composed of conducting and insulating thin films 

The TOF-SIMS technique provides 4D data sets consist-
ing of x-, y- and z-coordinates with an associated mass 
spectrum for each acquisition point. In the case of multi-
layers, whose components are uniformly distributed in the 
lateral plane, usually the chemical images in depth (i.e. the 
x-z plane with signal integration in the y-direction) are 
used to verify the quality of the thin films. Figure 2 shows 
the chemical structure of 
Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3 multilayer sample 
based on the main isotope (27Al+, 28Si+, 58Ni+, 63Cu+ and 
197Au+) signal distributions. Despite different ionization ef-
ficiencies, all elements provided sufficiently high second-
ary ion signals to enable for layer representation in 2D and 
recognition of interfaces between them. Furthermore, the 
TOF-SIMS chemical images, in conjunction with SEM sur-
face imaging of the FIB-sputtered crater, show a lack of the 
Ga+ beam drift during the data acquisition, which was one 
of the main concerns regarding the measurements of mul-
tilayers containing insulating thin films. The obtained 
TOF-SIMS data indicate that both, ALD and PVD pro-
cesses were conducted precisely providing smooth homog-
enous thin films. No pores, material segregation or mate-
rial diffusion were observed. In the case of the experiments 
performed under standard vacuum conditions (Figure 2a), 
the 27Al+ secondary ion signal is the highest among all con-
sidered signals although the Al content in the sample is the 
lowest. As aforementioned, this is due to the excellent ion-
ization efficiency of Al. Furthermore, the Al ion yields can 
be potentially increased in this case due to the presence of 
oxygen (matrix effect51–53), which is a well-known element 
for enhancing the generation of positive ions31,54,55. Alt-
hough Si constitutes only the sample substrate, the sec-
ondary ion signal at mass 28 is also detected at the location 
of ALD layers. This does not represent the real presence of 
Si in these layers but results from the mass interference be-
tween the most prominent isotope of Si, 28Si+, and 27Al1H+ 
ions. Commonly, the presence of mass interference is veri-
fied by comparing the measured isotope abundance with 
the natural isotope abundance of the studied ele-
ment48,49,56. Regarding sputtering rates, S, ceramics are not 
milled as efficiently as pure metals. For comparison, 
SAl2O3=0.08 µm3/nC, SCu=0.25 µm3/nC, SNi=0.14 µm3/nC and 
SAu=1.50 µm3/nC for Al2O3, Cu, Ni and Au, respectively in 
the case of 30 keV Ga+ FIB under normal incidence57. 
Therefore, the Al2O3 layers, whose thicknesses are one or 
two orders of magnitude smaller than the thicknesses of 
the metal layers, can be still precisely represented during 
FIB-TOF-SIMS chemical imaging.  



 

 

Figure 2. 2D elemental images of the Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3 sample. The signals of the most prominent isotopes are 
presented in x-z plane (i.e. in depth; integration in y-direction). The z-dimension is given as a number of frames, i.e. acquisition 
scans, where 1 frame corresponds to approx. 10.24 s of the sputtering time. The colour scale is given in counts per extraction. The 
TOF-SIMS results were obtained under standard vacuum conditions (a) and in the presence of fluorine gas (b). The time needed 
to measure the multilayer (i.e. to reach the Si substrate) was approx. 58 min and 44 min, respectively.  

Recently, combining HV-compatible TOF detectors with 
in situ GIS has been developed allowing for a gas-assisted 
TOF-SIMS analysis47–49. This innovative approach demon-
strates a great potential for enhancing secondary ion gen-
eration, which consequently can lead to higher spatial res-
olution. So far very promising results were obtained during 
the experiments with H2O and XeF2 gas precursors and po-
tentially this solution allows many other gases to be effi-
ciently delivered to a sample surface. Furthermore, in the 
case of some elements, it was observed that simultaneous 
fluorine gas co-injecting can induce separation of mass in-
terference48. This is an important methodological advance, 
as so far mass interference was one of the major drawbacks 
of the TOF-SIMS technique. Figure 2b shows the elemental 
images of the Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3 acquired 
in the presence of fluorine gas. The secondary ion signals 
of the metal layers are significantly enhanced providing 
better recognition of interfaces locations. Moreover, the 
28Si+ signal distribution does not follow the same pattern as 
27Al+ signal distribution (in contrast to the results obtained 
under standard vacuum conditions, Figure 2a). This indi-
cates the fluorine gas-induced separation of mass interfer-
ence between 28Si+ and 27Al1H+, which most likely results 
from different influence of F on Al and Si ionization effi-
ciencies as well as modifications in formation of hydrides48. 
Consequently, more representative TOF-SIMS data (with 
respect to the sample composition) is provided in this case. 
The sputtering rates of all layers were modified due to the 

use of the supplementary gas. Among all considered mate-
rials, Ni was sputtered the slowest when compared to the 
results obtained under standard vacuum conditions. 

Depth profiling is another way to represent TOF-SIMS 
data. Usually it is used when global information on a sam-
ple structure matters and local composition variations are 
not important for the analysis. Its use can also be beneficial 
when a count rate is too low for 2D or 3D imaging. In this 
case, a secondary ion signal is integrated over the x-y plane, 
and given as a function of sputtering time or number of 
acquired frames/scans. Directly from the TOF-SIMS meas-
urements it is not possible to access the information on the 
amount of milled material unless the sputtering rates are 
known (which is not the case of novel materials). The 
depth of FIB-sputtered crater can be measured using SEM 
or AFM. However, the latter one demands time-consuming 
and demanding protocols to assess thicknesses of individ-
ual thin films in the case of multilayer systems58–60. Figure 
S3 shows Al2O3/Ni/Al2O3/Au/Al2O3/Cu/Al2O3 depth pro-
files. The generation of 28Si+, 58Ni+, 63Cu+ and 197Au+ ions was 
significantly increased (up to over two orders of magni-
tude) due to the presence of fluorine gas. Interestingly, 
27Al+ signals coming from Al2O3 layers were slightly de-
creased (see also the detailed analysis of 
Al/Al2O3/Al/Al2O3/…/Al sample discussed in the following 
sections of this work).  

The normalization of depth profiles to 1 can be very helpful 
in the case of significant differences in ionization efficien-
cies between various sample components. Moreover, this 



 

solution is usually used to estimate the location of inter-
faces between the sample layers47–49, which allows ion 
yields, sputter rates and gas enhancement factors to be cal-
culated. Figure S4 shows that the simultaneous co-injec-
tion of fluorine gas during the TOF-SIMS measurement 
provided statistically better results (when compared to the 
data obtained under standard vacuum conditions) due to 
the higher count rates, and therefore, lower signal fluctua-
tions. The shape of the 27Al+ signal distribution indicates 
much stronger dependency of Al ionization efficiency on 
the presence of neighbouring metallic layers, i.e. matrix ef-
fect than in the case of measurements without supplemen-
tary gas. This shows that despite the advantages of apply-
ing fluorine gas during a TOF-SIMS analysis, reference 
measurements under standard vacuum conditions should 
be performed for comparison. 

 

Co-injection of fluorine gas during TOF-SIMS analysis as a 
solution for mass interference problem: enhancement of 
spatial resolution and improvement of layer recognition 

The technology of microelectronics and new thin film-
based devices for energy applications very often relies on 
materials made of elements coming from narrow regions 
of periodic table. This means that separate device compo-
nents can be built of elements having very similar isotopes' 
mass-to-charge ratios. For example CIGS thin film solar 
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𝐼𝑛

=113 and 116). In general, such a configuration is not 

optimal for a TOF-SIMS analysis due to the potential mass 
interference (usually between different element isotopes or 
their hydrides and oxides), which can prevent proper ele-
ment distributions to be assessed. In the case of poly-iso-
topic elements, whose main isotope signal is biased with 
mass interference, another isotope's signal can be poten-
tially used. Nevertheless, very often the signal-to-noise ra-
tios of non-dominant isotopes are insufficient. Although in 
the case of dedicated TOF-SIMS instruments (such as 
TOF.SIMS5 from IONTOF), which use a pulsed primary ion 
beam, the mass resolution can be increased by decreasing 
the pulse duration37,62,63, this results in the degradation of 
the spatial resolution. Furthermore, the mass resolution of 
detectors using a continuous analysis ion beam (as pre-
sented in this work) is fixed and cannot be easily modified. 
The presence of mass interference can be verified by com-
paring the measured isotope abundance to the natural iso-
tope abundance. However, this is not possible in the case 
of elements having single isotopes, such as Be, Na, Al, Sc, 
Mn, Co, As, Y, Nb, Rh etc. Therefore, the mass interference 
is considered as one of the main drawbacks of the TOF-
SIMS technique. 

As mentioned, co-injection of fluorine gas during FIB sput-
tering can lead to the separation of mass interference48. In 
the former section, the separation of secondary ion signals 
coming from 27Al1H+ and 28Si+ was shown. In this case the 
presence of the mass interference can be easily recognized 
based on the initial knowledge of the sample composition, 
i.e. Si forms only the substrate.  However, the situation be-
comes much more difficult when the main body of a sam-
ple is built of elements whose isotopes, hydrides or oxides 
are similar. To show the potential of fluorine-gas assisted 
FIB-TOF-SIMS analysis, we have designed and fabricated a 
multilayer structure consisting of Zr, Mo and Ag, whose 
combination of ion signals provides a very complex mass 
interference problem. For example, signal acquired at mass 
107 can originate from 107Ag+ ions as well as 91Zr16O+ ions. 
Furthermore, signals measured at masses 92, 94 and 96 can 
come from both, Zr and Mo isotopes. Besides, signals asso-
ciated with Mo isotopes (92Mo, 95Mo and 97Mo) can be bi-
ased with mass overlap coming from Zr hydrides (91Zr1H, 
94Zr1H and 96Zr1H, correspondingly). Finally, the mass in-
terference can appear within signals originating from the 
element isotopes and their hydrides, for example between 
90Zr1H and 91Zr, between 91Zr1H and 92Zr, between 94Mo1H 
and 95Mo etc. 

The elemental images and corresponding depth profiles of 
the ZrMoAg/Al2O3/Mo/Al2O3/Ag/Al2O3/Zr multilayer is 
presented using the 27Al+, 28Si+, 90Zr+, 98Mo+ and 107Ag+ sec-
ondary ion signals, in Figure 3 and S6. The data, acquired 
under standard vacuum conditions (Figure 3a and S6a), 
show the detection of signal at mass 107, corresponding to 
107Ag+ ions, not only at the locations of the Ag and ZrMoAg 
layers but also at the location of the Zr layer. In the latter 
case, this observation could potentially lead to an incorrect 
conclusion that the Zr and Ag layers mixed during or after 
the thin film deposition. The first argument against this 
scenario is the presence of the Al2O3 barrier layer between 
these thin films. This can be not convincing enough in the 
view of the possibility of ALD deposition failure (discussed 
in the next section). However, knowing that 91Zr16O+ ions 
and 107Ag+ ions have almost the same masses, it becomes 
clear that a strong mass-interference between them is the 
actual reason of detecting the TOF-SIMS signal at mass 107 
within the Zr layer. The mass difference between 107Ag+ and 
91Zr16O+ ions is 0.0045 m/Q (i.e. 106.9051 m/Q vs. 106.9006 
m/Q). This implies the necessity of the detector's mass res-
olution, m/Δm, of approximately 27000 to distinguish 
them. This is far beyond the capability of HTOF detector, 
whose m/Δm =4710 at mass 107, in this case. Remarkably, 
this problem can be solved by co-injecting fluorine gas dur-
ing the TOF-SIMS analysis as the response to the presence 
of supplementary gas is specific for individual elements47–

49. Our previous studies on pure metallic thin films47 show 
the enhancement of Ag ionization probability by a factor 
of 350 when fluorine gas was simultaneously delivered to 
the  sample surface. Interestingly, under the same experi-
mental



 

 

Figure 3. The elemental images of the ZrMoAg/Al2O3/Mo/Al2O3/Ag/Al2O3/Zr multilayer obtained under standard vacuum condi-
tions (a) and in the presence of fluorine gas (b). The measurement duration (i.e. time needed to reach the Si substrate) was 18 min 
and 13 min, respectively. The 27Al+ signal distribution indicates failure of the ALD-PVD process as 27Al+ signal is detected outside 
the Al2O3 layers, i.e. at the location of the Mo layer. Note that the signal measured at mass 28, corresponding to 28Si+ ions, shows 
also the distribution of 27Al1H+ ions in the case of data obtained under standard vacuum conditions (a). 

conditions, the Zr secondary ion generation decreased by 
27% when compared to the results obtained without any 
gas (in the case of experiments performed with CTOF). 
Fluorine has higher electron affinity than oxygen (322 
kJ/mol vs. 141 kJ/mol)64 and, therefore, can modify metal-
oxygen interactions, potentially resulting in lower genera-
tion of metal oxide ions. In conclusion, these two mecha-
nisms can lead to the fluorine gas-induced separation of 
mass interference during the TOF-SIMS analysis. As shown 
in Figure S5b and S6b, the shape of 107Ag+ signal distribu-
tion is independent from the shape of 90Zr+ signal distribu-
tion in the case of fluorine gas-assisted measurements. To 
support this statement, the comparison of signals acquired 
at masses 90, 106 and 107 (corresponding to 90Zr+, 90Zr16O+ 
and 91Zr16O+/107Ag+, respectively) is provided in Figure S7. 
In the case of experiments conducted under standard vac-
uum conditions (Figure S7a), 90Zr+ and 90Zr16O+ signals fol-
low the same pattern, whilst the signal measured at mass 
107 indicates contribution of both 91Zr16O+ and 107Ag+ ion 
signals. However, this signal in the presence of fluorine gas 
(Figure S7b) is independent from 90Zr+ and 90Zr16O+ signals 
and appears only at the locations of ZrMoAg and Ag thin 
films. These results prove that the signal at mass 107 ob-
served at the location of the Zr layer during the measure-
ments conducted under standard vacuum conditions (Fig-
ure S6a) originated exclusively from the mass interference 
between 91Zr16O+ ions and 107Ag+, and did not result from 
the mixing of Zr and Ag layers. Interestingly, the 90Zr16O+ 

signal measured during fluorine-gas assisted TOF-SIMS 
does not follow exactly the same pattern as 90Zr+ signal. The 

comparison of Figures S6b and S7b indicates that this can 
result from the contribution of Al-containing ions to the 
signal measured at m/Q=106, different matrix effect at the 
thin film interfaces and/or different influence of fluorine 
on formation of metal ions and metal oxide ions. 

 

FIB-TOF-SIMS as a technique for deposition failure analysis 
and quality control  

Due to the aforementioned high sensitivity and, therefore, 
the capability of detecting trace elements, the TOF-SIMS 
technique shows great potential for verifying the PVD-ALD 
process quality and the failure analysis. Figure 3 shows ho-
mogeneous distribution of all analysed elements in the lat-
eral plane of the thin films. This means a lack of transverse 
material segregation. However, the 27Al+ signal distribution 
across the multilayer (in the z-direction) indicates that the 
PVD-ALD deposition process has failed at some stage, i.e. 
the Al content is not only confined in the ALD layers but 
also spreads over one of the PVD layers. Therefore, the de-
sired level of layer purity was not achieved in this case. To 
get more global view of this problem, the TOF-SIMS sig-
nals were integrated over x-y plane (Figure S5 and S6). 
These depth profiles reveal the presence of Al at the loca-
tion of the Mo layer. This is an interesting observation as 
the process temperatures rather exclude the diffusion of el-
ements between subsequent ALD and PVD cycles. The po-
tential contamination of the Mo target is also rather un-
likely as the 27Al+ signal does not appear in ZrMoAg layer, 



 

which was fabricated by co-sputtering Mo, Zr and Ag tar-
gets. Besides, the signal at mass 27 cannot be assigned to 
any other element than Al as Al is the lightest element con-
stituting the multilayer system. Furthermore, the potential 
atmospheric contaminants, such as H, C, N and O, usually 
ionize negatively and, therefore, do not appear in TOF-
SIMS mass spectra acquired in the positive ion detection 
mode. This means that the presence of mass interference 
can be rather excluded in this case. The influence of poten-
tial porosity and columnar growth of PVD layers does not 
seem to determine the observation of Al at the location of 
Mo layer as SEM images on the sample cross-section (Fig-
ure S1b) show similar morphology of Mo and Zr layers (Al 
was not detected at the location of the Zr layer). Regardless 
of the origin of Al detection in the Mo layer, the TOF-SIMS 
data suggest the failure of the deposition process, i.e. not 
all deposited layers are pure and well-separated. 

Furthermore, all three ALD thin films, deposited between 
the PVD layers, were designed to be exactly the same. 
However, if the thicknesses of Al2O3 layers were the same, 
the Full Width at Half Maximum (FWHM) of all 27Al+ sig-
nal peaks would be the same, as the sputtering rates are 
identical. This is not the case as the estimated FWHM val-
ues vary between 5.6 and 7.3 frames. This indicates that the 
thicknesses of the ALD layers were different. It is worth 
mentioning that, the variations of the 27Al+ signal peaks 
magnitudes (by 32% and 37% at frames 40 and 49, respec-
tively, when compared to the highest 27Al+ signal peak ob-
served at frame 17) most likely result from the matrix effect 
and are rather not correlated with the thin film thick-
nesses. Furthermore, an unexpected, small (approx. 93% 
lower intensity than the maximum value) 27Al+ signal peak 
was observed at the interface between the Zr layer and the 
Si substrate (at frame 77). A careful analysis of the deposi-
tion protocols revealed that most probably it originated 
from the RF plasma sputtering instrument, which was used 
for cleaning the Si substrate prior to the ALD-PVD deposi-
tions. It seems that the plasma simultaneously sputtered 
both, the sample substrate and the Al holder grid, on which 
the substrate was mounted, leading to the deposition of a 
minute amount of Al onto the Si surface. This is an im-
portant observation as, to our experience, no other analysis 
techniques (which are typically used for verifying quality 
of thin films, i.e. STEM/EDX and glow-discharge optical 
emission spectroscopy, GDOES), apart from TOF-SIMS, 
were able to detect such trace contamination. 

In summary, a proper recognition of the deposition process 
failure requires the knowledge of the sample composition, 
including potential contaminants (as TOF-SIMS does not 
provide quantitative information), and certain level of ex-
pertise in the TOF-SIMS data analysis not to mistake it 
with mass interference- and matrix effect-related signal 
modifications. In summary, in the case of presented 
ZrMoAg/Al2O3/Mo/Al2O3/Ag/Al2O3/Zr multilayer sample, 
the high sensitivity and high spatial resolution of TOF-
SIMS allowed the detection of degradation in Mo layer pu-
rity and the inaccuracy of Al2O3 layer thicknesses despite a 

very small quantity of Al content in the PVD-ALD multi-
layer sample. This demonstrates the potential of TOF-
SIMS for the post-fabrication control of the multilayer 
quality, which is expected to help improving the thin film 
deposition protocols. 

 

Very high sensitivity of TOF-SIMS: detection of deep-buried 
nanometre thick thin films 

The easiest way to distinguish individual thin films in a 
multilayer stack during a TOF-SIMS analysis (assuming a 
lack of mass-interference) is based on representing the sec-
ondary ion signal distributions of the most prominent iso-
topes, which are present in different layers. Furthermore, 
in the case of multilayer systems based on multiple repeti-
tive patterns of thin films, varying by a presence of one el-
ement (and, ideally, providing high mass contrast between 
the subsequent thin films), this element's secondary ion 
signal can be used for representing a sample structure. For 
example, a certified reference material for surface analysis, 
BAM-L200, whose upper part is made of alternating GaAs 
and Al(0.70)Ga(0.30)As layers65, was used to demonstrate ultra-
high lateral resolution (<20 nm) of a Bi3 cluster TOF-SIMS 
instrument using only Al signal distribution32. In general, 
the recognition of layers becomes much more challenging 
as their components ionize weakly or these components 
ionize with different polarities (positive and negative) and, 
therefore, cannot be measured during a single TOF-SIMS 
measurement.  

To demonstrate the very high chemical sensitivity of the 
TOF-SIMS technique, a difficult dedicated model 
Al/Al2O3/Al/Al2O3/…/Al multilayer was deliberately cho-
sen. In this case, the distinction of layers was expected to 
be challenging due to the fact that Al was present in all thin 
films and the subsequent layers varied only by the oxygen 
content. Furthermore, the two elements composing the 
sample usually do not appear in the same ion-detection 
mode, i.e. Al ionizes positively and O ionizes negatively. 
Besides, the thicknesses of Al2O3 layers were up to two or-
ders of magnitude smaller than those of Al layers. None-
theless, as presented in Figure 4, even such demanding 
sample structure can be chemically characterized using 
TOF-SIMS. Due to its extremely high sensitivity, solely the 
27Al+ signal distribution across the sample can be used to 
represent the location of pure Al layers and Al2O3 layers. 

The normalized to 1 27Al+ signal depth profile (Figure S8a) 
perfectly demonstrates the differences in sputtering rates 
between the metallic (Al) and ceramic (Al2O3) layers. In the 
case of the uppermost Al/Al2O3 stack, the Al layer sputters 
almost seven times faster than the first Al2O3 layer (approx. 
0.88 nm/frame vs. 0.13 nm/frame). Furthermore, the sim-
ultaneous delivery of fluorine gas to the sample surface 
during the FIB beam bombardment (Figure S8b) allowed 
for increasing the sputtering efficiency and, therefore, an-
alyzing almost twice (7 layers instead of 4) as many layers 
as in the case of experiments without any gas in similar 
time, i.e. two Al and two Al2O3 thin films were 



 

 

Figure 4. Elemental images of Al/Al2O3/Al/Al2O3/…/Al multi-
layer obtained with TOF-SIMS under standard vacuum condi-
tions (a) and in the presence of fluorine gas (b). The 27Al+ sig-
nal distribution was sufficient to represent the location of me-
tallic and ceramic thin films. Only the first few top layers of 
the multilayer (presented in Figure 1c) were measured. Note 
the inversion of Al ionization efficiency in the two experi-
ments, i.e. 27Al+ signal is the highest at the Al2O3 layers during 
the measurements without gas and at the locations of Al thin 
films when fluorine gas is delivered.   

measured during approx. 1h22min during the experiment 
conducted without any gas, whilst approx. 1h13min  were 
needed to measure four Al and three Al2O3 layers during 
fluorine gas-assisted TOF-SIMS. The duration of the exper-
imental time can be still reduced by increasing the primary 
ion beam energy and current, however usually this leads to 
the degradation of depth resolution48 (note that the high-
est lateral resolution is achieved at the highest FIB beam 
energy of 30 keV, and the highest depth resolution is ob-
tained at the low beam energies, i.e. usually ≤5 keV). The 
comparison of depth profiles obtained under different ex-
perimental conditions (with/without supplementary gas) 
show inverted tendency in the Al ionization efficiencies in 
the ALD and PVD layers. In the case of the measurements 
conducted under standard vacuum conditions (Figure 
S8a), the highest 27Al+ signal is observed within first several 
frames of the FIB sputtering process which is associated 
with the sample surface oxidation47,49,53. 

The increased 27Al+ signal is also used for the recognition 
of Al2O3 layers as oxygen increases the positive ion yields. 
This pattern is reversed in the case of results obtained dur-
ing fluorine gas-assisted TOF-SIMS (Figure S8b), i.e. the 
amount of generated 27Al+ ions is the highest at the location 
of metallic layers. The 27Al+ depth profile given in the abso-
lute values (not normalized) is shown in Figure S9. In the 
case of measurements performed without any gas, the sig-
nal peak associated to the native Al oxide, which sponta-
neously forms on the sample surface, is much higher than 
the signal peaks originating from the buried ALD-
fabricated Al2O3 layers. This can potentially indicate differ-
ent crystallinity54 of these two aluminum oxides.  The 27Al+ 
signal measured at the location of the Al2O3 layers is higher 
than Al signal measured at the locations of the pure Al 
layer (excluding the initial surface oxidation region) by a 

factor of 1.3, i.e. approx. 6.5×10-4 counts·pixel-1·pA-1 vs. 5×10-

4 counts·pixel-1·pA-1. This shows the beneficial effect of ox-
ygen on the Al ionization efficiency. Interestingly, in the 
case of results obtained during the fluorine-gas assisted 
TOF-SIMS, the first two Al layers give signals of approx. 
7.2×10-4 counts·pixel-1·pA-1 (measured at the signal plat-
eaus) whilst the signal of 5.6-5.9×10-4 counts·pixel-1·pA-1 was 
obtained at the locations of Al2O3 layers (factor of 1.2-1.3). 
Fluorine is the most electronegative element (i.e. 3.98 in 
the Pauling scale) in the periodic table and, therefore, its 
presence can modify interactions between metals and oxy-
gen (for comparison, the electronegativity of oxygen is 
3.44). This can potentially lead to the hampering of the ion-
ization-enhancing effect of oxygen (which most likely 
caused the higher 27Al+ signal in Al2O3 layers during the 
TOF-SIMS measurements under standard vacuum condi-
tions). In the conjunction with lower number of Al atoms 
in the Al2O3 layers than in the pure metal layers, this can 
explain the reversed shape of the 27Al+ depth profile ob-
tained in the presence of fluorine gas. Remarkably, in the 
case of the fluorine gas-assisted TOF-SIMS measurements, 
the location of the deeply (approximately 530 nm, which is 
a lot for depth profiling, i.e. non-cross-sectional analysis, 
and taking into account low primary ion energy and low 
sputter rates of the ceramic) buried 4th (when counting 
from the sample surface) Al2O3 thin film with the thickness 
of approx. 8.5 nm can be well assessed. This is a very im-
portant result taking into account low sputter rates of the 

ceramic layers and the total sputtered depth. Usually, in 

such cases TOF-SIMS measurements are conducted on 
sample cross-sections or tomography56,66 is performed. 
Both of these methods, however, are much more time-con-
suming due to the required sample preparation and pro-
vide lower resolution (as lateral resolution is lower than 
depth resolution). The difficulty in distinguishing the 
Al2O3 layers, which are buried deeper than the 4th layer 
(Figure 4b and S8b), most likely result from their decreas-
ing thicknesses (i.e. each layer is thinner by approx. 1.21 nm 
than the upper one) and/or different amount of fluorine 
present on the bottom of the FIB-sputtered crater49. 

 

Conclusions 

Thin films are broadly used in nanotechnologies, microe-
lectronics, microdevices for new energy applications, med-
icine, as decorative layers, surface coatings etc. Since their 
optical/mechanical/electrical properties are determined 
by the chemical composition, the precise characterization 
techniques with nanoscale resolution are required. As pre-
sented in this study, the novel method of combining an in 
situ GIS with a HV-compatible TOF-SIMS detector allows 
the structure of thin film-based multilayer systems to be 
analysed fast with high sensitivity. The significant im-
provement of chemical image quality was achieved by in-
jecting fluorine gas during the sputtering process. Further-
more, this solution allowed the mass interference between 
ions having similar masses to be separated, providing more 
representative data, when compared to the results ob-
tained under standard vacuum conditions. Consequently, 
the structures of multilayer systems composed of thin films 



 

with thicknesses varying between several nanometres to 
hundreds of nanometres were efficiently represented in 2D 
space (3D data representation is also possible with the cur-
rent system but requires separate data reconstruction soft-
ware10). As demonstrated, even layers, which are chemi-
cally very similar, can be well-distinguished due to the very 
high TOF-SIMS sensitivity. In the most extreme case of the 
Al/Al2O3/Al/Al2O3/…/Al sample, the locations of approx. 
12.1 nm, 10.1 nm, 10.8 nm and 8.5 nm thick Al2O3 layers, bur-
ied up to 530 nm deep below the surface, were assessed us-
ing only a single secondary ion signal distribution.  

Currently, HV FIB/SEM is the most commonly system used 
for microanalysis and material science in research centres 
and industrial laboratories. This means that the chemical 
characterization with nanoscale resolution can be easily 
conducted on regular basis at a relatively low cost (com-
paring to the costs of dedicated UHV TOF-SIMS) by inte-
grating HV-compatible TOF detectors. Furthermore, Ga 
FIB spot size can be as small as 2.5 nm at 1 pA ion current67. 
Although, so far the operation at such low ion currents was 
not practical for TOF-SIMS chemical analysis (due to the 
insufficient secondary ion generation), the recent advances 
in instrumentation34 as well as in methodology47–49 seem to 
indicate that this limitation can be overcome in the near 
future. Therefore, the presented technique is expected to 
play an important role in the development of thin film-
based systems, verification of deposition process and po-
tential failure analysis. 
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