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Rationale: Laser ablation combined with mass spectrometry forms a promising tool

for chemical depth profiling of solids. At irradiations near the ablation threshold, high

depth resolutions are achieved. However, at these conditions, a large fraction of

ablated species is neutral and therefore invisible to the instrument. To compensate

for this effect, an additional ionization step can be introduced.

Methods: Double-pulse laser ablation is frequently used in material sciences to

produce shallow craters. We apply double-pulse UV femtosecond (fs) Laser Ablation

Ionization Mass Spectrometry to investigate the depth profiling performance. The

first pulse energy is set to gentle ablation conditions, whereas the second pulse is

applied at a delay and a pulse energy promoting the highest possible ion yield.

Results: The experiments were performed on a Cr/Ni multi-layered standard. For a

mean ablation rate of ~3 nm/pulse (~72 nJ/pulse), a delay of ~73 ps provided

optimal results. By further increasing the energy of the second pulse (5–30% higher

with respect to the first pulse) an enhancement of up to 15 times the single pulse

intensity was achieved. These conditions resulted in mean depth resolutions of ~37

and ~30 nm for the Cr and Ni layers, respectively.

Conclusions: It is demonstrated on the thin-film standard that the double-pulse

excitation scheme substantially enhances the chemical depth profiling resolution of

LIMS with respect to the single-pulse scheme. The post-ionization allows for

extraordinarily low ablation rates and for quantitative and stoichiometric analysis of

nm-thick films/coatings.

1 | INTRODUCTION

Understanding of the chemical composition at surfaces and below,

i.e., depth profiles at very localized areas on the sample is of high

interest in multiple disciplines. The field of application ranges from the

semiconductor industry, which, amongst others, is interested to

evidence possible impurities within high purity functional materials to

improve their interconnect technology,1,2 and the integrity of chemical

interfaces, to geochemical and geochronological analysis in space and

planetology research, where the elemental and isotope constitution of a

heterogeneous specimen provides relevant information about ongoing

evolutionary planetary processes.3,4 Many functional materials have

particular chemical and physical properties associated with specific

surface-confined thin films that differ from the bulk material. Because of

their characteristic chemical composition, which determines their

application, knowledge of chemical depth profiles is of importance to

control their manufacturing and to ensure the reliability and

performance of the end product.

Various well-established sensitive spectroscopic measurement

techniques that probe the surface and near-surface volume can
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provide valuable insights into the surface composition, e.g., X-ray

Photoelectron Spectroscopy (XPS), Auger Electron Spectroscopy

(AES) or Raman microspectroscopy (micro-Raman), just to mention a

few. In XPS, the kinetic energy of emitted electrons originating from

the 20–30 uppermost monolayers resulting from the irradiation with

soft X-rays (~1200–1500 eV) is analyzed.3,5 AES is based on the

analysis of emitted Auger electrons from about the uppermost 0.5 nm

that are formed when core vacancies generated by irradiation with

energetic electrons or X-ray (photoelectrical effect) are replaced by

electrons from higher energetic levels.3,5 In micro-Raman, the

frequency shift of an incident monochromatic light beam through

inelastic scattering on the surface is monitored, which provides

chemical and structural information of vibrational states with

micrometer spatial resolution.3,6

These techniques differ in their strengths, which involve either

the spatial resolution, detection sensitivity, or quantification of

species. As a result, a combination of these techniques is typically

required to solve a specific question for a given research topic. One

shared characteristic of each of the mentioned techniques is that they

are constrained to the topmost layers. To profile a film of several

micrometres entirely, they typically need to be combined with an ion

gun for sputtering of the residual surface, which influences and limits

the achievable depth resolution through atomic-mixing and surface

roughening and drastically increases the measurement time and cost.7

One of the most advanced and applied techniques in

microelectronics and Earth sciences is Secondary Ion Mass

Spectrometry (SIMS), which is based on the bombardment of a

surface with primary ions and the subsequent ejection of charged

particles (secondary ions) from the analyte.3,8 In static mode

(e.g., time-of-flight (TOF)-SIMS), the current of the incoming ion beam

is kept low and only little surface damage is induced. In this way,

SIMS provides elemental and molecular information of the uppermost

two monolayers. In contrast, dynamic mode causes rapid surface

erosion with an increased ion flux of the primary ion beam

(e.g., Nano-SIMS) and elemental mapping and depth profiling

measurements can be conducted. In particular Nano-SIMS has

emerged as an important tool for microprobe analysis, because it

provides very high lateral resolution (~50 nm), trace element analysis,

isotope ratio analysis, and three-dimensional (3D) chemical imaging.

However, it is limited in terms of the number of simultaneously

detectable mass-to-charge (m/z) ratios.3 Another important drawback

of SIMS in general is the strong dependence of the ion yield on the

chemical environment of the sputtered area. Because of this matrix

effect, a quantitative, and in some cases even qualitative, assessment

becomes impossible if no appropriate matrix-matched standard

reference sample is available.9

Spatially coherent and focused laser irradiation for the ablation of

material is a promising alternative to the ion beam erosion in SIMS to

probe material in depth, especially when using ultra-short (< ps) laser

pulses. Laser pulse widths in the time scales below the material

vibrational time scale (phonon frequencies) have a number of

advantages. They induce minimal spatial thermal damage on the

irradiated zone and avoid interaction and reheating of the ejected

material by the trailing edge of the pulse (laser-plasma interaction).10

When using femtosecond (fs) laser pulses, the surface irradiation and

ablation plume formation are separated, which further avoids element

fractionation as is induced by nanosecond pulses. Hence, using fs

laser pulses improves the elemental composition analysis of the

investigated solid, allowing nearly stoichiometric ablation,

atomization, and ionization of the elements comprising the solid

material.11,12 Laser Ablation Inductively Coupled Plasma Mass

Spectrometry (LA-ICP-MS) is a widely applied method for quantitative

assessment of trace, minor, and major elements in solids.13,14 State-

of-the-art instruments report figures of merits that involve detection

sensitivities down to the parts-per-billion (ppb) level15 and lateral and

depth resolution in the micrometer and nanometer range,

respectively. While these figures of merit constitute a clear

advantage, LA-ICP-MS suffers from several significant drawbacks.

Examples of these include element fractionation related to the

ablation process depending on the used laser system, and unwanted

contributions of the aerosol transport process from the ablation

chamber into the ICP, as well as from the vaporization, atomization,

and ionization process in the ICP itself. These factors complicate the

entire analysis and demand tailored calibration concepts.15

Another technique using laser ablation (LA) with broad

application in standard laboratory-based chemical analysis is Laser-

Induced Breakdown Spectroscopy (LIBS). This technology, which

measures characteristic optical emission lines of neutral atoms and

ions from the laser plasma plume after their decay from an excited

state to a lower energy level, provides the opportunity to inspect

the chemical composition of distant or even submerged solid

objects.16 The remote sensing application permits the chemical

investigation of solids in challenging environments without the need

of any sample pretreatment. LIBS is, for example, deployed in the

Mars Science Laboratory Mission led by the NASA Mars Exploration

Program.17 The success of such measurements, however, depends

greatly on the propagation of light (laser and emission) through the

atmosphere, e.g., atmospheric turbulences, and on the spectral lines

considered. Furthermore, this technique suffers from sensitivities

limited to the ‰-level for many elements of interest. This is

induced in part by the detector characteristics of the spectrometers

and in part by the detectable optical emission (e.g., emission in the

ultraviolet (UV) regime and in time scales that are very close to the

temporal resolution of the CCD/ICCD detectors), which require a

certain minimum of laser fluence and therefore limit the achievable

spatial resolution for depth profiling experiments. To compensate

for these disadvantages, much effort has been focused on

developing new methods to enhance spectral emission intensity and

plasma persistence by the implementation of, e.g., a double-pulse

(DP) laser system,18–21 a high-voltage electrical pulse,22 a

microwave,23 or a glow discharge16 excitation source in the LA

process.

In addition to the aforementioned limitations concerning

elemental fractionation, all LA-based techniques are, to a certain

extent, contingent on the chemical and physical properties of the

sample itself. Although matrix effects are minimized by employing
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ultra-short laser pulses, there can be spatial dependencies of the

ablation due to chemical or physical inhomogeneities with dimensions

exceeding the laser spot size, e.g., the immiscibility of components in

the analyte. Such a constitution of the analyte influences the material

removal rate and introduces uncertainties with respect to the

allocation of the depth scale in depth profiles. In addition, all

techniques applying erosion procedures that include particle or light

beams to probe a depth profile have in common that with time an

increasing surface roughening occurs, which promotes to a certain

extent the atomic mixing of sublayers, and consequently restricts the

achievable vertical resolution. This effect is intensified by so-called

side-wall contributions of induced craters with high depth-to-

diameter aspect ratios.24,25

Furthermore, when using detection systems that measure ionized

species directly without the application of an additional ionization

source (e.g., ICP), working at the ablation threshold can impair the

signal-to-noise ratio of the monitored element, i.e., if the threshold for

its neutral state is attained but not its ionization level. When no

additional ionization step is involved subsequent to ablation, higher

fluences need to be applied to reach the ionization level, which

implies lower depth resolutions.

In this work, we employ a collinear (same axis of propagation)

depth profiling laser system with two temporally separated pulses

for the Laser Ablation Ionization Mass Spectrometry (LIMS)

technique with our miniature reflectron-type TOF mass analyzer

designed for space applications.12,26–29 The implemented double-

pulse (DP) method increases the ionization efficiencies of the LA

process, which results in higher spatial resolution in depth profiling

experiments. For this, an additional beam guiding system consisting

of a variable retroreflector system is implemented in the optical

beam path of the laser to create a second laser pulse with an

adjustable delay in the picosecond regime. The first laser pulse is

tuned to optimize the ablation of material from the sample, the

second, delayed pulse is absorbed by the ejected material, which

heats the plasma plume, and optimizes the atomic ion yield prior

to mass spectrometric analysis. Several publications have appeared

on the theoretical understanding of DP ablation and several

experimental studies were conducted to understand plasma plume

dynamics.30–33 In this study, a similar beam guiding system was

employed as in an earlier study, where DP IR fs-laser radiation was

employed.34 Based on measurements conducted on a thin-layer

depth profiling standard reference material (NIST SRM 2135c), we

demonstrate that the quality of the depth profile can significantly

be improved by applying DP ablation.

2 | EXPERIMENTAL

2.1 | Sample material

The state-of-the-art reference standard SRM 2135c (NIST,

Gaithersburg, MD, USA) for DP measurements consisting of nine

alternating Cr/Ni layers (5 × Cr and 4 × Ni) with nominal layer

thicknesses of 57 nm and 56 nm for Cr and Ni, respectively, was used

in this study. These nine alternating layers are accommodated on a Si

wafer substrate (see Figure 1).

2.2 | Laser ablation ionization mass spectrometer

A detailed description of the instrumentation can be found in our

earlier publications.12,35–37 Only a brief overview of the mass

spectrometric system is given here.

The mass analyzer of the instrument is a miniature reflectron-

type time-of-flight (R-TOF) mass spectrometer that is located inside a

vacuum chamber at pressure <10−7 mbar. The ablation ion source is a

Chirped Pulse Amplified (CPA) laser system (Clark-MXR Inc., Dexter,

MI, USA) that generates pulses of ~190 fs pulse width at 1 kHz laser

pulse repetition rate and 258 nm wavelength, after harmonic

conversion (Storc, Clark-MXR Inc.) from the fundamental at 775 nm.

A dedicated optical system consisting of dielectric mirrors

(e.g., Thorlabs Inc., Newton, NJ, USA) and beam expander (Eksma

Optics, Vilnius, Lithuania) guides the laser pulses towards the

chamber, through an entrance window, then through the mass

analyzer, and along its central axis, down to the sample, which is

positioned right below the entrance ion optics of the analyzer. The

sample surface is remotely manipulated by a x,y,z-translation stage

with micrometer positioning accuracy at the focal plane of the laser

beam. The focal plane is investigated once, at the beginning of the

measurement campaign, by online monitoring of the signal intensity

and the crater size for very low pulse energies. At these laser

conditions, a clear signal and crater are only observed when the

sample surface is located at the focal point. The ion-optical system

transmits only positively charged species towards the detection unit,

which consists of two microchannel plates (MCPs) in a chevron

configuration and four centrosymmetric anodic rings.36 However, in

this study, only one of the four anodes was used for the detection of

the ion current. The signal is recorded by a high-speed ADC data

acquisition system (U5303A, Acqiris SA, Geneva, Switzerland) with a

sampling rate of 3.2 GS/s and a dynamic range of 12 bit.

The DP unit consists of two beam splitters (50/50

transmission/reflection) used for the separation and recombination of

the two laser pulses, as well as other optical elements, e.g., Al-coated

mirrors to guide the pulses towards the sample. The first beam splitter

divides the beam into a static and variable beam guiding system. The

variable guiding system consists of a movable retroreflector system

F IGURE 1 Schematic drawing of the standard reference sample
NIST SRM 2135c [Color figure can be viewed at wileyonlinelibrary.
com]
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that is positioned on a 300 mm long remote-controllable linear

motorized microtranslation stage (Zaber Technologies Inc.,

Vancouver, Canada), which serves to adjust the delay of the second

pulse (ps to ns delay, 600,000 possible positioning steps). Note that

the zero delay between the two laser pulses was within the 300 mm

movable stage and not at one end. This configuration allows the user

to select which laser pulse reaches the sample surface first. Moreover,

special attention was paid to ensure that the two laser pulses had a

similar beam profile. The pulse energy of each beam is adjusted by a

motorized attenuator system consisting of a half-wave plate and a

polarizer system (Newport, Irvine, CA, USA), which precisely controls

the laser attenuation in fine steps. The second beam splitter combines

the two beams before a harmonic generator system, where the

fundamental wavelength is converted to 258 nm. From this point,

both pulses follow the same beam path, which guides the pulses

through a beam expander to the vacuum chamber. Figure 2 shows a

schematic overview of the DP unit. For the automation of the entire

instrument (laser system, data acquisition, sample stage and delay

stage) we use in-house written software.

2.3 | Measurement procedure

In all measurement campaigns, the applied voltage difference over the

MCPs in the detector unit was set between 1450 and 1500 V and

single laser shot mass spectra were recorded at 1 kHz repetition rate.

The gain of the data acquisition system was set to 1 V with an offset

value of +0.47 V. Note that this offset is required to use the full

12-bit dynamic range of the measurement cards, since it records a

negative signal. The ion signal was acquired with a sampling rate of

3.2 GS/s giving 64,000 samples for 20 μs recording time per TOF

spectrum. The energy of the UV pulses was measured before and

after each measurement with a J-10 MB-LE sensor (Coherent, Santa

Clara, CA, USA) by averaging 10,000 pulses just in front of the beam

expander. The base pressure inside the vacuum chamber was in the

range of (2–4) × 10−8 mbar. This pressure is sustained by an ion

getter pump to avoid any vibrations coming from the turbo-molecular

pumping system, including its roughing-pump (scroll pump), which is

only used for the initial pump down procedure of the system during

system maintenance. All measurements were conducted on the state-

of-the-art depth profiling NIST standard 2135c. The following list

details each conducted measurement step to achieve optimal

measurement conditions for the depth profiling of the NIST standard:

i. Mean ablation rate: Each data point is a mean of five

measurements, each consisting of 500 single laser shots. The

campaign was conducted using the static beam only, by blocking

the variable beam.

ii. DP raster campaign: The optimal pulse delay was probed by

moving the retroreflector from the variable beam guiding system

400 times in steps of ~0.6 ps in the same direction starting

slightly before the zero delay to ~240 ps. Each delay was probed

on a new location on the sample surface by programming a raster

campaign of 20 × 20 craters with a 30 μm pitch. For each

measurement, 500 single laser shots were recorded. Both beam

guiding systems were set to ~72 nJ/pulse using the variable

attenuators.

iii. Pulse energy adjustment of the delayed pulse (second pulse): The

stage of the movable retroreflector was set to an optimal pulse

delay timing of ~73 ps. The first pulse was set to a constant pulse

energy of ~72 nJ/pulse, while the energy of the second pulse

was varied between about 72 nJ and 123 nJ. Note, the first pulse

reaching the surface is again set to the same energy as in

experiment part (ii), since this first pulse determines the ablation

rate and therefore the amount of ablated material in the plume.

Only the delayed pulse is increased in pulse energy, which is

absorbed by the ablation plume. Small discrepancies of the

ablation rate arose from external factors, e.g., the motion of the

sample with respect to the laser beam induced by external

vibrations. Each measurement consisted of 500 single laser shots

F IGURE 2 Schematic overview of the
double-pulse (DP) unit [Color figure can
be viewed at wileyonlinelibrary.com]
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and was repeated five times, with each measurement being

conducted on a new (fresh) position.

iv. Proof of concept – depth profile of standard reference material

NIST SRM 2135c: For each tested pulse energy in (iii), a full

depth profiling measurement, consisting of single-shot mass

spectra, was recorded.

3 | RESULTS AND DISCUSSION

To achieve optimal parameters for chemical depth profiling

measurements, preparatory experiments need to be conducted,

i.e., the up-take rate of the ablation has to be adjusted adequately to

obtain the desired depth resolution for the chemical analysis.

Therefore, the correlation between the amount of ablated material

and the applied pulse energy was investigated first. To avoid any

contribution from the second laser pulse, its beam path was blocked.

Next, the mean ablation rate is calculated for a certain range of pulse

energies by recording the number of laser pulses required to ablate all

Cr and Ni layers completely, as indicated by the onset of the Si

ablation from the substrate. All measurements were repeated five

times for statistical relevance.

Using a UV fs laser beam, only tens of nJ per pulse and a few

hundred consecutive pulses are required to ablate about 500 nm of

metallic sample material. The measurements show that by reducing

the pulse energy, the mean up-take rate is reduced to several nm per

laser pulse, while still staying above the threshold for ablation of the

corresponding materials (Cr/Ni/Si). Note that Figure 3 represents a

mean ablation rate comprising the ablation of both metals (Cr and Ni)

based on the onset of the Si-substrate. The ablation threshold for Cr

and Ni is lower than for Si because of the intrinsic electronic property

of these metals. Therefore, we expect that there is still room for

improvement in the depth profiling resolution of the Cr/Ni layers.

However, to prove the concept of this new methodology, a

moderately low pulse energy was chosen for the continuation of the

experiment. About 72 nJ, which was clearly above the ablation

threshold for Si, was chosen as pulse energy for the following

experiments. This pulse energy resulted consistently in a mean up-

take rate of about 3 nm per laser pulse.

Using this pulse energy, the effect of varying pulse delays on the

ionization efficiency of the ablated material was investigated. For this

experiment, the second beam path was opened and its length was

extended by 0.0875 mm at each step, corresponding to an increase of

about 0.6 ps per step. Around a delay of t = 0 s, the two pulses

overlap and the resulting pulse energy on the sample surface is

doubled. This is seen at the beginning of the intensity profile in

Figure 4A by an abrupt signal increase. The signal for Ni and Cr is the

sum of all the isotope peak areas in each single TOF spectrum.

Figure 4B exemplifies by means of laser-induced craters on a steel

sample the impact of overlapping pulses in time. Craters formed with

almost perfect time overlap (t ~0 s) are situated in the center of the

raster campaign. With increasing delays, the second pulse is shielded

by the ablated plume and does not reach the sample surface anymore.

Around a delay of 73 ps (estimated from the turning point in

Figure 4A), the photon package of the second pulse is well absorbed

by all species in the ablation plume, heating the plasma plume,

ionizing atomic neutrals and atomizing cluster fraction ablated from

the sample material. Note that this delay depends on the applied

pulse energy and on the physical and chemical properties of the

material. The additional ionization becomes most evident when pulse

energies near the ablation threshold of the material are applied. Near

the ablation threshold, the majority of the ablated species are

neutrals,38 which can be non-resonantly ionized by the second pulse.

This results in a measurable increase in the recorded ion intensities

and thus in an enhancement of the measurement sensitivity without

ablating more sample material.

The ion yield can be enhanced further without affecting the

ablation process by optimizing the second, delayed, pulse energy. The

energy of the first pulse, which defines the up-take rate in the

ablation process, was kept constant to maintain constant depth

resolution. The larger photon intensity in the second pulse increased

the ionization of the material ablated by the first pulse.

As depicted in Figure 5, the mean ablation rate was not affected

by the increased energy of the second, post-ionizing pulse, up to

approximately 90 nJ. The ablation rate for a single pulse (SP) is

represented by the asterisk symbol and is about 3 nm/shot. Above a

pulse energy of 90 nJ (note: the first laser pulse is kept at an energy

of 72 nJ/pulse), the second pulse starts to contribute to the ablation

process. Thenceforth, each additional energy contribution resulted in

an increase in the ablation rate.

The signal intensity was calculated by summing the recorded TOF

peak areas of Cr and Ni isotopes for each single-shot spectrum, up to

the onset of the Si-substrate, and subsequently normalizing the

cumulative value to the corresponding number of applied laser pulses

to reach the Si onset. For elevated energies of the second pulse, the

increasing intensity trend flattens out. This might be (in part) due to

F IGURE 3 The mean ablation rate for single-pulse operation at
different pulse energies based on the onset of the Si-substrate signal
after completely ablating all Ni and Cr layers in NIST SRM 2135c.
Each data point represents a mean of five ablation measurements
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optimal ionization being achieved at a certain combination of first

pulse and second pulse energy. Increasing the second pulse energy

past this point does not contribute to a measurably higher degree of

ionization within the produced plume. When the maximum ionization

degree is reached, the excess energy from the second pulse is

absorbed by the underlying material, where it causes effects similar to

the first pulse (mainly ablation, less ionization). The differences

between the SP (asterisk symbols) and DP (square symbols)

measurements are remarkable. At a similar mean ablation rate, much

higher signal intensity is observed when the delayed pulse is allowed

to reach the plume than in SP experiments. In Figure 5 one can see an

increase in the summed Cr and Ni intensities by a factor of almost

4. This value is dominated by the Cr signal. The Ni signal is less

intense; however, the DP has a stronger influence on that element.

This clearly demonstrates the impact of the post-ionization step on

the signal-to-noise ratio (SNR).

The impact of the DP system on the depth profiles is illustrated in

Figure 6 on the basis of different configurations. This figure shows

the Cr signal in the top panels, the Ni signal in the middle, and the Si-

signal onset from the substrate at the bottom. The SP profiles are

presented in Figures 6A–6C. When employing the SP system, the five

Cr layers are discernible, but the SNR for Ni is too low to recognize

clearly structural changes within the reference material. The poor

profiling quality in the case of the SP is only because too few ions

are being produced at the applied pulse energy, since most material

is removed as neutrals. Figures 6D–6F show the depth profiles

when performing DP measurements with the two pulses set at an

identical energy to the single pulse of the SP experiment, and with

no time shift (delay = 0 s) between the two pulses. In this

configuration the total energy reaching the surface was basically

twice as high as in the case of the SP experiment. Accordingly, only

about half of the number of pulses was required to reach the Si-

substrate, which reduced the depth resolution. However, through

the larger irradiances, increased ionization of the ablated material

and therefore larger signals were measured. In Figures 6G–6I and

6J–6L, the two pulses were separated by about 73 ps. In the case of

the measurements presented in Figures 6J–6L, the pulse energy of

the delayed pulse was raised to slightly higher values relative to the

first pulse. Note that, for the measurements presented in

Figures 6A–6C, 6G–6I and 6J–6L, the ablation process was

determined only by one (the first) pulse, which was kept at constant

conditions (energy, width, and wavelength), and so the up-take

rates were uniform for all three experiments.

The DP system increases ionization and thus sensitivity and, as a

result, the instrument becomes sensitive enough to resolve the

expected periodic fluctuations in Ni and Cr. The depth profiles

F IGURE 4 A, Intensity profile of Cr, Ni, and 28Si for varying time separations between the two pulses. Both pulses were set at ~72 nJ. Each
data point consists of an accumulation of 500 single laser shots recorded on a fresh surface position. Around a delay of 73 ps efficient ionization
of all species in the ablation plume was obtained. B, Crater array after DP ablation on a steel sample, with each crater formed at a different delay
of the second pulse. The effect of overlapping laser pulses at pulse delays around t = 0 s is seen as significant intensification of the crater size in
the centre of the array [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 Dependence of the energy of the delayed pulse on the
mean ablation rate and ion intensity. Each measurement point is a
mean of five measurements with 500 single laser shots. Above a
certain pulse energy, the delayed pulse starts to contribute to the

ablation process. The asterisk symbols represent the SP
measurements, and the square symbols the DP measurements. The
energy of the first pulse (or SP) is kept at 72 nJ. The blue data points
belong to the right y-axis and constitute the sum of all Cr and Ni
isotope peak areas for each measurement up to the Si-onset. These
values are normalized to the number of pulses required to reach the
substrate [Color figure can be viewed at wileyonlinelibrary.com]
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displayed in Figures 6H and 6K show an enhancement of the Ni signal

of a factor of about 15. The enhanced ionization by the DP can

improve the resolution of the chemical depth profiles significantly by

allowing for a low first pulse energy, and thus a decreased ablation

rate. Note that the applied pulse energy for the ablation of Ni and Cr

was set to a value where a clear ablation of the Si-substrate was

observed (Figure 3), which is expected to be far above the ablation

threshold for the Cr and Ni metals.

F IGURE 6 Comparison of A–C, a single pulse (SP); D–F, a double pulse (DP) with both pulses at the same energy (72 nJ) and 0 s delay; G–I, a
DP with both pulses at the same energy (72 nJ) and ~73 ps delay; and J–L, a DP with the first pulse at 72 nJ, the second pulse at 79 nJ, and
~73 ps delay. Top, middle and bottom panels describe the recorded depth profiles of Cr, Ni and Si, respectively. The figure clearly shows an
improvement in the depth profiles with the implementation of the DP and the right delay, and with the increased energy of the second pulse (J–L)
[Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 7 Cr and Ni depth profiles A, with
the number of applied laser shots and B, with the
depth in nm. Each layer is normalized according
to its highest and lowest signal. The profiles are
smoothed with a five-point Fast Fourier function

shown as dashed lines on the data. C, Rectangular
step functions, derived from the Cr and Ni signal
increase and decrease of each layer. The step
functions illustrate the constant and uniform
ablation rate along the sample depth up to the
last two layers of the reference standard [Color
figure can be viewed at wileyonlinelibrary.com]
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F IGURE 8 Depth resolution (Δz) of
each metal layer for the ascending and
descending shoulder of the recorded
depth profiles. All profiles, except for the
5th Cr layer, are fitted by a Gauss
Amplitude Function, whereas a Lorentz
Function was used in case of the last Cr
layer. The 84% and 16% intensity
margins, from which the Δz values are
derived, are emphasized by the horizontal
dotted lines [Color figure can be viewed
at wileyonlinelibrary.com]
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Figure 7 illustrates the capability of the DP measurement to

reproduce the layer structure of the sample, using the raw data

presented on the rightmost columns of Figures 6J–6L. In Figure 7,

the depth profiling intensity for each metal is corrected for the

known decrease in signal intensity with depth, and for the increased

baseline resulting from increasing side-wall contributions with

depth.7,39–41 These corrections were easily derived from the

highest and lowest points of the recorded signal for every recorded

layer. Figure 7A shows the progression of the normalized signal

intensity with the number of applied single laser shots. In Figure 7B,

the laser shot number was converted into a depth scale, by

considering the mean ablation rate for each layer, which was

derived from the signal onset of the following metal layer. Figure 7C

illustrates the monotonic alteration of the Cr and Ni signals by

means of rectangular step functions and indicates the uniform

ablation of both metals.

In Figure 8 the normalized depth profiles of each layer shown in

Figure 7B are fitted by a Gauss Amplitude function, except for the

last Cr layer, which is fitted by a Lorentz function. From these fits

we derived the depth resolution. The most frequently used

definition for depth resolution in sputtering profiles of multilayer

structures denotes the depth resolution as the distance on the

depth scale between the intensity value of 84% and 16% of the

most intense signal of the corresponding layer (84% and 16%

margin are indicated by horizontal dotted lines in the panels of

Figure 8).40,42 Except for the first and last Cr layers, two values for

each layer were determined, similar to Käser et al, describing the

depth resolution (Δz) of the ascending and descending shoulder of

the recorded profile.42

In agreement with the literature, where a lower ablation

threshold for Cr than for Ni is reported,43,44 lower depth resolutions

are observed for Cr than for Ni while applying the same energy per

pulse. The single-shot ablation threshold fluences are reported in the

literature to be 0.19 J/cm2 for Cr43 and 0.41 J/cm2 for Ni.44 The

mean depth resolution for the ascending shoulder was found to be

~37 nm for Cr and ~30 nm for Ni.

The different peak shapes of Cr and Ni might arise from the

different physical and chemical nature of the two metals, e.g. melting

point and ionization energy.

Based on the current improvements in the ionization efficiency

with the DP method, LIMS is now reaching a slightly better depth

profiling performance than state-of-the-art laser ablation

instruments.42 It is important to note at this point that no pulse-

shaping device for flat-top profiles is used in our LIMS system. Flat-

top laser profiles might be of greater relevance for the analysis of

thicker layers, in the rage of tens of micrometers thickness, due to the

formation of conical crater shapes when using Gaussian pulses.45

Note that the derived depth resolutions were obtained at a

moderately low pulse energy (inducing mean ablation rate of

3 nm/shot) and do not represent the limit of instrument performance.

The initial ablation studies (Figure 3), as well as earlier studies carried

out with an IR laser,46 have shown the capability to reach mean

material up-take rates of <1 nm per pulse. By decreasing the initial

pulse energy even below the threshold for ablation of ionized species,

higher depth resolutions are expected to be achieved, because the

threshold for neutral species ablation is typically at distinctly lower

energies.

4 | CONCLUSIONS

Within the framework of this study, we have demonstrated vast

improvement in the depth profiling capabilities of our LIMS system

on the depth profiling standard reference sample NIST SRM 2135c

by extending the optical path of the laser system with a variable

beam guiding system. The dynamic beam guiding system

introduces a delay of several picoseconds between split pulses and

allows for efficient post-ionization of neutral species in the ablated

plume. Because of the mild ablation conditions applied, the

ablation plume consists to a major extent of neutral species. With

these instrument modifications, the signals for Ni and Cr could be

increased by a factor of about 15 and 5, respectively, and all

individual Ni and Cr metal layers, each of about 60 nm thickness,

could be resolved separately without the need for any data

treatment. From a detailed analysis, we found that for the applied

conditions the mean depth resolutions were ~30 nm for Ni and

~37 nm for Cr. Moreover, the up-take rate of the metal layers was

not tuned to the possible minimum. We expect to significantly

improve the depth resolution by further decreasing the pulse

energies below the ablation threshold of the Si-substrate. In

agreement with the SP ablation rate campaign, where the lowest

tested pulse energy (57 nJ) resulted in 3 times lower mean ablation

rates than the applied pulse energy in the DP campaign, a depth

resolution of at least 3 times higher (Δz ~10 nm) is expected to be

achievable.
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