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Femtosecond laser ablation-based 

mass spectrometry: An ideal tool 

for stoichiometric analysis of thin 

films
Nicole L. LaHaye1,2, Jose Kurian3, Prasoon K. Diwakar2, Lambert Alff3 & 

Sivanandan S. Harilal1

An accurate and routinely available method for stoichiometric analysis of thin films is a desideratum 
of modern materials science where a material’s properties depend sensitively on elemental 

composition. We thoroughly investigated femtosecond laser ablation-inductively coupled plasma-

mass spectrometry (fs-LA-ICP-MS) as an analytical technique for determination of the stoichiometry 

of thin films down to the nanometer scale. The use of femtosecond laser ablation allows for precise 
removal of material with high spatial and depth resolution that can be coupled to an ICP-MS to 

obtain elemental and isotopic information. We used molecular beam epitaxy-grown thin films of 
LaPd(x)Sb2 and T′-La2CuO4 to demonstrate the capacity of fs-LA-ICP-MS for stoichiometric analysis 

and the spatial and depth resolution of the technique. Here we demonstrate that the stoichiometric 

information of thin films with a thickness of ~10 nm or lower can be determined. Furthermore, our 
results indicate that fs-LA-ICP-MS provides precise information on the thin film-substrate interface 
and is able to detect the interdiffusion of cations.

�in �lms are widely used in a variety of applications. �ey can be found in electronic devices1,2, solar 
cells3–5, light-emitting devices6, and optical mirrors5,7,8, to name a few. Several methods exist for the 
preparation of these thin �lms, including chemical vapor deposition (CVD)9,10, pulsed-laser deposition 
(PLD)11–13, atomic layer deposition (ALD)14, and molecular beam epitaxy (MBE)15–17. None of these 
methods guarantees a perfect stoichiometry transfer from the target material to the growing thin �lm, 
especially in the case of (reactive) MBE, where the use of elemental atomic or molecular �uxes makes 
stoichiometry control indispensable. �e MBE technique, in principle, is an ideal tool for the synthesis 
of thin �lms as one can use the epitaxial strain of the substrate to stabilize a desired phase and tailor 
thin �lm properties. �in �lms are also grown away from thermodynamic equilibrium18,19. However, 
the substrate-thin �lm interaction may also lead to undesired e�ects such as interdi�usion and chem-
ical reaction. �e atoms also have mobility within the thin �lm volume, which can lead to varying 
elemental composition within the �lm because of anisotropic di�usion20,21. Considering applications in 
electronic devices as examples, such e�ects on the scale of one or a few monolayers are crucial. Probing 
the stoichiometry of ultra-thin layers is extremely important, especially in the case of interface-related 
properties like high conductivity at the interface between SrTiO3 and LaAlO3

22,23 or that of multilayer 
heterostructures of LaAlO3 and LaNiO3

24 where cation interdi�usion can alter the properties from what 
is expected or lead to a wrong interpretation of the observed results. Developing a stoichiometric analysis 
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technique capable of extracting stoichiometric information on a monolayer range could lead to a better 
understanding of many phenomena.

It is well known that stoichiometry, or elemental composition, plays an incredibly important role 
in the properties of materials and their thin �lms. Varying elemental ratios slightly or doping the �lm 
with additional elements can cause a drastic change in the desired properties of the �lm, such as stabil-
ity13,25, hardness26, superconductivity25,27–29, ferroelectricity/ferromagnetism30,31, or dielectricity32. �us, 
it is crucial to analyze the stoichiometry of the thin �lm to ensure it has the accuracy needed to obtain 
the desired �lm properties. Some methods currently exist for stoichiometric determination with various 
levels of success. Rutherford backscattering spectrometry (RBS) is able to provide elemental composition 
as well as depth pro�ling of the sample33,34. Secondary ion mass spectroscopy (SIMS) can also be used for 
stoichiometry studies, but only gives information on the surface composition of the sample35. X-ray pho-
toelectron spectroscopy (XPS) and Auger electron spectroscopy (AES)5 are also able to provide surface 
composition and can additionally provide some depth resolution. However, RBS, SIMS, XPS, and AES 
are unable to give stoichiometry information with high spatial accuracy. Most methods do not provide 
changes in stoichiometry as a function of depth with high precision and information regarding the �lm 
substrate interaction, especially the interfacial reaction and cation migration into the �lm. Moreover, new 
analysis techniques to probe the above-mentioned issues concerning thin �lms need to be developed. 
Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) can provide a solution to 
these analysis challenges.

Laser ablation (LA) sample introduction in ICP-MS has many advantages over other analysis tech-
niques in that it requires little to no sample preparation, spatial resolution is determined solely by the 
laser spot size, and spatial information can be obtained through the use of raster patterns36,37. Depth anal-
ysis can also be conducted through continuous ablation of the same spot on the target38,39. �e LA-based 
technique of laser-induced breakdown spectroscopy (LIBS) has been used previously in �lm stoichiom-
etry investigations, but only probed the surface of the �lm40. Traditionally nanosecond (ns) lasers are 
used for LIBS or LA-ICP-MS elemental analysis. However, a major disadvantage of ns-LA-ICP-MS is 
elemental fractionation, or a variation from the expected stoichiometry41. Elemental fractionation e�ects 
can be mitigated through the use of femtosecond (fs) lasers for ablation, which also reduces the heating 
and thermal e�ects usually seen in ns lasers, thereby reducing spatial mixing that a�ects the resolution 
of spatial and depth studies42.

�e vast di�erence in pulse duration between ns and fs lasers correlate to signi�cant di�erences in 
the laser ablation properties. During fs-LA, the plasma plume is formed a�er the end of the laser pulse, 
while plasma is formed during ns laser pulses, resulting in heat absorption due to laser-plasma and 
laser-target coupling. �is heating during ns-LA results in sample melting and mixing as well as particle 
redeposition and splashing on the sample surface, degrading sample analysis especially in cases where 
spatial information is desirable36,43. Because of the short time scale of the fs laser pulse (much shorter 
than the electron to ion energy transfer time and the heat conduction time), these heating e�ects are 
negligible44,45. �e ablation mechanisms also vary between ns- and fs-LA. Sample heating and melting 
induces thermal vaporization, the main ablation mechanism, during ns-LA. However, due to the lack of 
heating during fs-LA, this energy transfer from laser to sample occurs through multiphoton ionization, 
with multiple photons exciting electrons to metastable quantum states and eventually freeing them46–49.

In this work, fs-LA-ICP-MS was investigated as a potential analytical technique for determina-
tion of stoichiometry using the examples of LaPd(x)Sb2 and T′ -La2CuO4 thin �lms, grown by MBE. 
Spatial and depth analyses were performed. Additionally, a comparison was made to liquid nebuliza-
tion ICP-MS, which provided stoichiometric information on the bulk sample. Our results showed that 
fs-LA-ICP-MS can be used for precise stoichiometric analysis of thin �lms and to obtain information on 
thin �lm-substrate interfaces.

Results
�e purpose of this work was to investigate the e�cacy of employing fs-LA-ICP-MS in stoichiometric 
determinations of ultrathin �lms with thickness < 100 nm and changes in stoichiometry with depth. �e 
use of fs-LA o�ers many advantages over other techniques, including the ability to perform depth and 
spatial mapping of the samples. In this work, we demonstrate that fs-LA-ICP-MS is a valuable technique 
for the stoichiometric analysis of ultrathin �lms. �e fs-LA sample introduction stoichiometry results 
were complemented through the use of liquid nebulization sample introduction.

To investigate the elemental ratio and its variation along the thickness direction, single spot abla-
tion was performed, and the ICP-MS signals were monitored for the elements of interest. Traditionally, 
fs-LA-ICP-MS is performed with continuous LA at the repetition rate of the laser (in this case, 10 Hz). 
Initial experiments were conducted with a 30 nm-thick LaPd(x)Sb2 thin �lm grown on MgO substrate. 
In this case, no interdi�usion of substrate and thin �lm was expected. �e signal intensities of La and 
Mg were plotted versus time in Fig.  1 for single spot ablation, with the arrow indicating initial laser 
triggering. As can be seen in the �gure, the substrate elemental signal was absent initially and later (a�er 
~10 seconds) it appeared with a sudden reduction of thin �lm elemental signal intensity. �e laser was 
disabled as soon as substrate signal peak was observed, with the remaining signal due to washout of 
aerosol from the ablation chamber and transport tube. �e �gure also shows that the thin �lm and the 
substrate interface had a clean boundary; no mixing was observed between the thin �lm and substrate 
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signals, indicating that there was no substrate material present within the thin �lm. �e arrival of the 
Mg (substrate) signal before the complete decay of the La (thin �lm) signal was because of aerosol mix-
ing within the chamber and transport tubing. �e estimated elemental stoichiometry for LaPd(x)Sb2 is 
1:0.42:1.962 (La:Pd:Sb), which matched the expected stoichiometry of the thin �lm. �e present results 
also indicated that fs-LA-ICP-MS is capable of determining the stoichiometry of ultrathin �lms < 30 nm. 
�e fs-LA-ICP-MS signal showed a steady state signal for about 2 seconds, which implied that, consid-
ering the thickness of the �lm used is 30 nm, the average ablated depth per pulse is about 2 nm. �is 
indicated that we can use fs-LA-ICP-MS for estimating the stoichiometry of �lms with thicknesses as 
low as ~2 nm. �ere was no fundamental limitation to further reduce the probing depth even down to 
the unit cell level.

To evaluate the accuracy of the stoichiometry measured by fs-LA-ICP-MS, the LaPd(x)Sb2 thin �lm 
was digested using 70% high-purity HNO3 and then diluted down to 2% HNO3. To accurately determine 
the elemental ratios, the absolute concentration of the elements within the created solution must be 
measured. �is can be done through the use of standard solutions, which contain a certi�ed concentra-
tion of the elements of interest. Calibration curves were created for Sb and La using various dilutions of 
the standard solutions. �e calculated stoichiometric ratios using liquid nebulization sample introduc-
tion was 1:0.41:1.815 (La:Pd:Sb), as compared to 1:0.42:1.962 obtained using fs-LA sample introduction. 
�erefore, fs-LA yields similar elemental ratio results in comparison to liquid nebulizer sample introduc-
tion. However, it has to be pointed out that the nebulizer sample introduction results correspond to the 
representation of the bulk material and provide no information on the cleanness of the sample-substrate 
interface.

To further examine the ability to probe the thin �lm/substrate interface, additional experiments were 
performed with a T′ -La2CuO4 thin �lm, which was grown on a more complex substrate (Y-stabilized 
ZrO2) and at a higher temperature. �e transient signal of Cu, La, Zr, and Y from a continuous single 
spot fs-LA of the T′ -La2CuO4 thin �lm is given in Fig.  2(a). �e background of heavy elements (i.e., 
La, Zr, and Y) was essentially zero, while the background signal of Cu is ~103, with the signal intensity 
during fs-LA well above this background level; this background has been previously observed50,51. �e 
boundary between thin �lm and substrate was clearly observable at ~20 seconds, where the signal from 
the thin �lm components (Cu and La) dropped drastically, while the substrate component intensity 
increased (Y and Zr). �e La/Cu ratio calculated from this transient signal was > 3, which varied greatly 
from the expected value of a ratio of about 2. �ere was also a presence of Zr and Y within the thin 
�lm, as seen by the initial peak at ~5 seconds; this indicated that some di�usion of the cations from the 
substrate into the thin �lm was occurring. �is corroborates with the re�ection high-energy electron 
di�raction (RHEED) observation during growth where a streaky pattern changed to a spotty one a�er 
~5 nm �lm deposition. A transition to a spotty RHEED pattern suggested the presence of precipitates at 
the surface of the thin �lm and it was di�cult to ascertain at the time of growth whether it was caused 
by the reaction between the substrate and the �lm or because of a deviation from the �lm stoichiometry. 
�e presence of Y and Zr at the top of the �lm undoubtedly meant that there was interdi�usion of cations 
from the substrate to the �lm taking place at the growth temperature. �is highlights the advantage of 

Figure 1. Signal intensity versus time for 24Mg and 139La for single spot ablation of a LaPd(x)Sb2 thin 

�lm grown on MgO substrate, with the arrow indicating initial laser triggering. La and Mg are the 
representative signals for thin �lm and substrate, respectively. �e laser was disabled a�er the peak in 
substrate signal was observed, with the remaining signal tail occurring because of washout of aerosol from 
the chamber and transport tube.
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fs-LA-ICP-MS compared to stoichiometric analysis of the bulk sample employing the liquid nebulization 
ICP-MS.

�ough the transient signal in Fig. 2(a) can provide us with useful information, aerosols from di�er-
ent laser shots become mixed. Higher laser repetition rates provide better ICP-MS signal intensity, but 
mixing of aerosols removed from various sample depths cannot be avoided39,52. �is was observed as the 
overlap between thin �lm elemental intensity decrease and the substrate elemental intensity increase. 
A more accurate picture can be obtained through single laser shot analysis. A high-speed shutter was 
triggered so a single laser shot reached the target; the aerosol produced by this shot was allowed to com-
pletely wash out from the chamber before the next shot was �red (i.e., when the ICP-MS signal returned 
to background levels). �e signal from each shot was then integrated and is given in Fig.  2(b). �e 
�rst few shots had very high signal intensity for the thin �lm components; the intensity fell o� quickly 
through the �rst three shots and approached a plateau for 10–15 laser shots.

A similar behavior was seen in the La/Cu ratio (Fig.  2(c)). �e ratio was initially high for the �rst 
three shots (La/Cu ~ 5–10), then reached the expected value of La/Cu of about 2 (indicated by the dashed 
line in the �gure), followed by a tendency of lower stoichiometric ratios closer to the substrate interface. 
Accurate stoichiometry was achievable, minimizing elemental fractionation e�ects, a�er the surface had 
been cleaned by the �rst few laser shots; this indicated that fs-LA-ICP-MS can be used successfully for 
depth stoichiometric analysis of thin �lm. �e observed surface e�ects were clearly due to the forma-
tion of lanthanum oxide precipitating at the surface. �e presence of substrate components in the �lm 
undoubtedly con�rmed a �lm-substrate reaction at the deposition temperature. �e incorporation of 
Zr and Y and the partial substitution of La by these substrate elements acted as a driving force for 
the formation of La2O3 precipitates at the surface. �is results in a higher La/Cu ratio observed in the 
fs-LA-ICP-MS data. Also, an earlier study on the phase control of La2CuO4 on various substrates showed 
that it was possible to stabilize T′ -La2CuO4 (in-plane lattice parameter 4.005 Å) on YSZ (in-plane lattice 
parameter 3.616 Å)53,54 despite the higher lattice mismatch that would have favored the stabilization of 
T-La2CuO4 (in-plane lattice parameter 3.803 Å). It is also reported that the partial substitution of La by 
Y stabilized the T′ -modi�cation of La2CuO4

55. Our results demonstrated the power of fs-LA-ICP-MS to 
clarify subtle growth mechanisms and e�ects, and provided important information on the microstructure 
and defects in the thin �lms.

�ough fs-LA sample introduction to the ICP-MS yielded accurate stoichiometric results, surface 
e�ects (precipitates) were observed for the �rst few laser shots that caused a deviation from the expected 
stoichiometry. We also investigated the stoichiometry of the entire thin �lm (bulk) using ICP-MS. For 
this, the sample was dissolved and digested using high-purity nitric acid to create a solution for liquid 
nebulization sample introduction. Liquid nebulization is commonly used for stoichiometry evaluation 
and is known to provide more accurate results with deviations from the known ratio of < 1%, though 
fs-LA results are approaching that accuracy and precision56. However, the major disadvantage of liquid 
nebulization is that it gives no information about the spatial and depth distribution of the thin �lm, yield-
ing only an average of the entire composition. �is is especially signi�cant for the case of substrate-�lm 
interdi�usion where liquid nebulization ICP-MS cannot provide any reliable information, as substrate 
components would have dissolved along with the thin �lm during the digestion procedure, even when 
there is no real substrate-�lm interdi�usion. �e ICP-MS signal for liquid nebulization exhibited very 
little variation in signal with a very low standard deviation.

Figure 2. (a) Signal intensity versus time for Cu, La, Zr, and Y using single spot ablation. �e separation 
between T′ -La2CuO4 thin �lm and Y-stabilized ZrO2 substrate was observed at ~20 seconds. Cu and La were 
representative elemental signals for thin �lm, and Zr and Y represented substrate. Insert: Signal intensity 
of Zr and Y in �rst 20 seconds of ablation to show initial peak of substrate within the thin �lm. (b) Shot-
by-shot intensity of Cu and La. Signal intensity was initially high, then dropped ~3 orders of magnitude to 
a near plateau for 10–15 laser shots. (c) Shot-by-shot La/Cu ratio. �e ratio was initially high, then a�er 4 
shots approached 2 (indicated by the dashed line). It should be noted that elemental ratio approached the 
value obtained by liquid nebulization sample introduction.
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Standard solutions were again used for calibration of the ICP-MS signal. In this case, a solution 
containing 10 µ g/mL Cu and La was used for calibration, with several dilutions down to 1 ng/mL using 
2% HNO3. �e signal intensity was then plotted versus concentration and �tted with a straight line. 
From this, the concentrations of the thin �lm solution were calculated to be (85.3 ±  1) ng/mL Cu and 
(160.2 ±  2) ng/mL La. �is gave a calculated La/Cu ratio of 1.88, which is very close to the expected 
ratio of 2 and also matched well with the results given in Fig.  2(b). �is indicated that fs-LA sample 
introduction is capable of giving comparable results to liquid nebulization while also providing precise 
information about the distribution of elements and elemental ratios throughout the sample.

While single spot ablation gives information about the uniformity of the �lm as a function of depth, 
scanning ablation can investigate the uniformity of stoichiometry across the thin �lm. �e sample was 
rastered at a speed of 0.1 mm/s, yielding an average of 10 laser shots per spot. Maps of the signal intensity 
for the elements of interest are given in Fig. 3(a, b). As can be seen in the �gures, the intensity distribu-
tion was fairly uniform throughout the �lm. Fig. 3(c) shows the La/Cu ratio spatial distribution, which 
again is fairly uniform with ~10% variation. �e La/Cu ratio averaged 2.5–2.8 throughout the sample 
(with 10 laser shots per location); compared with the ratio from Fig.  2(c), this was near the expected 
value for the average of the �rst 10 laser shots. �e spatial results were therefore consistent with the 
results from the depth analysis and indicated that, apart from the observed surface e�ects, that the thin 
�lms are quite uniform throughout their volume.

Our results showed that both fs-LA and liquid nebulization ICP-MS are capable of providing accurate 
results regarding the La/Cu ratio of La2CuO4 thin �lms. Additionally, fs-LA-ICP-MS provided informa-
tion on the depth and spatial pro�le of elements and ratios within the sample, giving crucial details about 
the �lm uniformity. �e thin �lm/substrate boundary is evident in Figs 1 and 2(a), in which the sample 
was continuously ablated. However, continuous ablation is limited because of aerosol mixing within the 
chamber and transport tubing; a single-shot approach instead gives details on the shot-by-shot variations 
within the sample, giving a better depth resolution and changes in stoichiometry with thickness.

Conclusions
We investigated the e�cacy of fs-LA-ICP-MS for stoichiometric analysis of thin �lms grown by MBE. �e 
transient ICP-MS signal clearly showed the boundary between the thin �lm and the substrate. However, 
more information can be obtained from a single laser shot than continuous ablation. From shot-by-shot 
probing of the sample, depth analysis can be performed and a surface phase can be detected distorting 
the overall stoichiometry results. Spatially resolved maps can also be produced; these can also con�rm 
the uniformity of thin �lm deposition across the sample. �e measured elemental ratio spatial maps 
also �t well with the expected results from depth analysis. �e shot-by-shot depth analysis past the sur-
face con�rmed that fs-LA yields accurate and precise results. �e results presented herein indicate that 
fs-LA-ICP-MS is a very promising analytical technique for determination of the stoichiometry of ultrathin 
�lms of varying thickness with high precision. Considering the ablated depth per pulse, we anticipate 
that stoichiometry of ultrathin �lms with thickness ~10 nm or lower can be measured. Moreover, exper-
imental improvement by using shorter-wavelength fs lasers57 or increasing the spot size, for example, 
might allow for analysis of a single monolayer and determination of monolayer-by-monolayer stoichi-
ometry of a thin �lm in the future.

Methods
Thin Film Preparation. �in �lms of LaPd(x)Sb2 and T′ -La2CuO4 were grown by reactive MBE in a 
custom-designed ultra-high vacuum chamber with a load-lock arrangement. �e respective �lms were 
grown by the simultaneous evaporation of corresponding elemental sources by e-gun evaporators with 
real-time feedback control using quartz crystal microbalance (QCM) sensor heads and a co-deposition 
controller (Cygnus, In�con). Cleaned substrates were heated to the desired growth temperatures before 
the �lm deposition. In the case of La2CuO4 thin �lms, in situ oxidation was achieved by means of a radio 
frequency- (RF-) activated oxygen radical source (HD25, Oxford Applied Research). A more detailed 

Figure 3. Spatial distribution of (a) Cu and (b) La signal intensity. �e sample was rastered at 0.1 mm/s, 
averaging 10 shots per location. In (c) spatial distribution of La/Cu ratio was given.
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description of the growth setup can be found elsewhere58. �e LaPd(x)Sb2 �lms were grown on (100) MgO 
substrates at a substrate temperature of 480 °C and the �lm thickness was estimated from x-ray re�ec-
tivity measurements to be ~30 nm. �e T′  -La2CuO4 �lms were grown on (100) yttria stabilized zirconia 
(YSZ) at 520 °C and the estimated �lm thickness was ~60 nm. In both cases, four �lms of 5 ×  5 mm2 were 
grown simultaneously so that the �lms are identical in all respects and could be analyzed by various 
techniques for a better comparison.

LaPd(x)Sb2 is a metallic material with a resistivity of ~100 micro Ohm cm at RT whereas T′ -La2CuO4 
cuprate is expected to show a wide range of resistivity values depending on the processing conditions 
(from insulating to conducting). �e undoped T′ -214 cuprates are thought to be insulating, but some of 
the recent studies have shown them to be even metallic at room temperature.

Thin Film Characterization. �e con�guration of the fs-LA-ICP-MS system, including fs laser sys-
tem, ablation and transport, and analyzer, are given elsewhere57. A summary of important experimental 
parameters is given in Table 1. �e fundamental wavelength (800 nm) of a Ti:Sapphire femtosecond laser 
(full width at half maximum 40 fs, 10 Hz) was used for ablation. �e laser energy used for the ablation was 
~100 µ J. �e laser beam was transported to the ablation chamber using a series of high-re�ecting mirrors 
and focused into the chamber using an objective lens (NA =  0.13). �e laser spot size was maintained 
at ~80 µ m. �e ablation chamber was mounted on an XYZ translation stage to allow precise movement 
and focusing. Single-spot ablation mode was used for depth-pro�ling studies, while sample scanning was 
applied for spatial resolution, with a scan speed of 0.1 mm/s. A shutter was also employed to ablate the 
sample shot-by-shot. Argon (99.99% purity) was used as carrier gas with a �ow rate of 1 L/min.

�e ablated sample was analyzed using a quadrupole-based ICP-MS (Agilent 7700x), with a torch RF 
power of 1550 W. Transient analysis mode was employed. For shot-by-shot experiments all particles were 
allowed to wash out from the chamber, and the entire signal from each shot was integrated. A standard 
liquid nebulizer was employed to complement the fs-LA-ICP-MS results. For this, the thin �lm sample 
was dissolved using 2 mL of 70% high-purity HNO3 and then diluted to 2% HNO3 using de-ionized 
water. A standard solution containing 10 µ g/mL Pd, Sb, La, and Cu was used for calibration, with several 
dilutions down to 1 ng/mL using 2% HNO3.

Experimental parameters

Laser system/beam delivery

Wavelength ~800 nm

Pulse duration 40 fs

Energy 100 µ J

Repetition rate 10 Hz

Beam diameter 10 mm

Spot size ~80 µ m

Fluence 0.5 J/cm2

Angle of incidence Normal to the target

Objective lens NA 0.13

Raster speed 0.1 mm/s

Liquid Nebulization

Acid for digestion 70% HNO3

Sample dilution 35x to 2% HNO3

ICP-MS

Torch RF power 1550 W

Carrier gas 1.0 L/min Ar

Gas through torch 15 L/min Ar

Integration time per 
isotope 10 ms

Dwell time 60 ms

Isotopes analyzed
24Mg, 63Cu, 65Cu, 89Y, 90Zr, 104Pd, 105Pd, 

106Pd, 108Pd, 110Pd, 121Sb, 123Sb, 139La

Table 1. Summary of important laser and ICP-MS experimental parameters.
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