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The determination of the stoichiometry in semiconducting and non-conducting thin layers is of importance for
the study of growth mechanisms and for the control of defects during development and production. An
analytical procedure using inductively coupled plasma-mass spectrometry (ICP-MS) was developed, employing
different ICP-MS instruments [one double-focusing sector field ICP-MS (DF-ICP-MS) and two quadrupole
ICP-MS without and with a hexapole collision cell (ICP-QMS and HEX-ICP-QMS, respectively)] for the
determination of the stoichiometry and trace impurities in thin Ba,Sr,TiO; perovskite films (BST) on silicon
substrates after the dissolution of layers. The maximum sensitivity ('**Ba™, 1720 MHz ppm~'; %Sr*,

1330 MHz ppm_l; BT+, 560 MHz ppm_l), lowest detection limit (Ba, 0.004 ng 17, Sr, 0.007 ng 1™ Ti,

0.08 ng17!) and best precision down to 0.11% relative standard deviation (RSD, at an analyte concentration of
1 pg 171 were achieved in DF-ICP-MS. HEX-ICP-QMS yielded a better sensitivity (HEX-ICP-QMS, 100

240 MHz ppm ™~ '; ICP-QMS, 23-50 MHz ppm ') and lower detection limit (HEX-ICP-QMS, 0.09-3.4 ng 1™ ";
ICP-QMS, 0.8-19 ng1 ') in comparison with conventional ICP-QMS. Precision values of 0.3 and 0.2% RSD
were observed for Ba/Sr and (Ba+ Sr)/Ti ratios, respectively, by ICP-QMS and HEX-ICP-QMS at an analyte
concentration of 10 pg 17!, Besides ICP-MS, inductively coupled plasma-optical emission spectroscopy (ICP-
OES) and X-ray fluorescence (XRF) analysis were used for the validation of the experimental results. The
stoichiometric compositions measured by different methods are in good agreement taking into account the local
inhomogeneity of element distribution in thin layers and the diffusion of elements in the substrate. Due to the
high sensitivity of ICP-MS, the determination of 38 trace elements was performed in thin Ba,Sr,TiO5 films
(with a thickness less than 60 nm) with detection limits in the low ng g~ range.

Introduction

Perovskite layers (such as superconducting YBa,Cu;0, or non-
conducting Ba,Sr, TiO3 layers) are of increasing importance for
different applications in microelectronics. Ba,Sr,TiO; is a
prime candidate as a high-k dielectric in integrated high-density
capacitors for future (multi-Gbit) DRAM memory cells.> The
most important defect of perovskite layers which needs to be
controlled is deviation from the stoichiometric composition,
because a change in stoichiometry can give rise to a change in
the physical and chemical properties. Therefore, accurate and
precise analytical techniques are required for stoichiometry
control in deposited thin films.

A variety of techniques, including X-ray fluorescence (XRF)
analysis,>™ Rutherford backscattering spectroscopy (RBS),°
X-ray photoelectron spectroscopy (XPS),”® Auger electron
spectroscopy (AES),® transmission and scanning electron
microscopy (TEM and SEM)>® and inductively coupled
plasma-optical emission spectroscopy (ICP-OES) after chemi-
cal digestion,’ have been applied for the determination of
stoichiometry in thin layers, layered systems and bulk
materials. Solid state analytical methods are preferable for
the direct determination of stoichiometry because they do not
require sample pretreatment. For example, the change in the
stoichiometry by laser pulsed vapour deposition and the effect
of trace elements on the properties of high-superconducting
thin layers with a perovskite structure were studied by XRF,
SEM, RBS, proton-induced X-ray emission (PIXE) and laser
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ionization mass spectrometry (LIMS) by Dietze and co-
workers #¢10:11

The stoichiometry of thin Ba,Sr,TiO; (BST) perovskite
layers, which were prepared by metal organic chemical vapour
deposition (MOCVD) on silicon substrates with different
buffer layers (e.g. Pt/ZrO,/Si0O,), has been routinely measured
using XRF at the Research Centre Jiilich.'>!* The precision of
the stoichiometric determination of thin BST layers (thickness,
~60 nm) was 0.4-1%. In particular, the accuracy of the Ti
determination in thin BST layers using XRF can be insufficient
if Ti diffuses into the buffer layers, because the penetration
depth of the X-ray beam is too large to distinguish Ti in
different layers. XRF is often not sufficiently sensitive for
stoichiometry measurement in solid films with a lower
thickness.

Therefore, highly sensitive analytical methods for the
validation of XRF results are required for the determination
of the stoichiometry in thin BST layers with high precision and
accuracy. Inorganic mass spectrometry, especially inductively
coupled plasma-mass spectrometry (ICP-MS), has been
successfully used for simultaneous multielement determination
at different concentration levels (for the determination of
major and minor elements, trace and ultratrace impurities).'*
At present, only a few papers have focused on the determina-
tion of stoichiometry in thin layers, and the possible influence
of trace impurities on the electrical properties of Ba,Sr,TiO;
perovskite layers is unknown.

The aims of this paper were to develop an analytical method

DOI: 10.1039/b1013390

This journal is © The Royal Society of Chemistry 2001


https://core.ac.uk/display/34910095?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

for the determination of the stoichiometry and trace impurities
in Ba,Sr, TiOj; layers and to compare the capability of different
ICP-MS instruments.

Experimental

Instrumentation

Two quadrupole-based ICP-MS (ICP-QMS) [ELAN 6000
(Perkin Elmer Sciex, Ontario, Canada) and Platform (Micro-
mass Ltd., Manchester, UK)] and a double-focusing sector field
ICP-MS (DF-ICP-MS) [ELEMENT (Finnigan MAT)] were
employed to determine the stoichiometry and trace impurities
in thin Ba,Sr,TiO3 layers. The ICP-MS Platform was equipped
with a hexapole collision cell (HEX-ICP-QMS) filled with
helium and hydrogen. All ICP-MS measurements were carried
out at low mass resolution (m/Am = 300). Microconcentric
MicroMist nebulizers (Model MicroMist AR30-1F02), with
solution uptake rates of 320 ulmin~!, attached to a mini-
cyclonic spray chamber (both from Glass Expansion, Pty Ltd.,
Camberwell, Victoria, Australia), were used for solution
introduction into the inductively coupled plasma. Solution
aspiration was performed with a peristaltic pump (Perimax 12,
Spetec GmbH, Erding, Germany). The experimental para-
meters are summarized in Table 1.

An IRIS Advantage ICP-OES (TJA Solutions, Cheshire,
UK) was used for comparative measurements of the concen-
tration of Ba (via spectral lines of 233.5, 455.4 and 493.4 nm),
Sr (407.7 and 421.5 nm) and Ti (323.4, 336.1 and 368.5 nm) in
dissolved films. An X-ray fluorescence spectrometer, RIGAKU
S/IMAX (RIGAKU Corp., Osaka, Japan; RH anode, beam
diameter of 30 mm, equipped with a scintillation detector for
the registration of hard X-ray fluorescence radiation by Tito U
and a proportional counter for the registration of soft X-ray
fluorescence radiation by Na to Ti), was applied for the direct
non-destructive measurement of the stoichiometry in thin films.
The instrument applied is capable of routinely measuring
concentrations of the matrix elements Ba, Sr and Ti in thin
perovskite layers with a precision of better than 1%. The X-ray
fluorescence spectrometer was calibrated using standard layers
prepared by chemical solution deposition with known con-
centrations of analytes; the standard matrix corresponding to
the matrix of the sample perovskite layers.

Samples and reagents

Samples consisted of thin Ba,Sr,TiO; layers (film thickness,
14-75 nm) on Si substrates with SiO,, IrO, and/or Pt buffer
layers. The samples were obtained by MOCVD in a multiwafer
planetary reactor.'® For quality assurance, a reference sample
prepared by chemical solution deposition was used. The
composition of the reference layer was determined exactly
using known element weights for the preparation.

Single and multielement standard stock solutions for the
calibration procedures were obtained from Merck (Darmstadt,
Germany). For all dilutions, deionized Milli-Q water (18 MQ)
from a Millipore Milli-Q-Plus water purifier and sub-boiled
nitric acid were used.

Sample preparation

The thin Ba,Sr, TiO3 films on Si substrates with buffer layers
were divided into four parts. The layers were dissolved
quantitatively with 0.1 ml of a mixture consisting of concen-
trated sub-boiled HNO;, HF (analytical grade purity) and
Milli-Q water (1:2:10). If the solution contained an undis-
solved residue of the removed layer, it was boiled with the
addition of the acid mixture until complete dissolution of the
remaining layer. The solution obtained was diluted to 10 ml
with Milli-Q water. The completeness of dissolution was
controlled by depth profiling of Ba, Sr and Ti on the substrate
with secondary ion mass spectrometry (SIMS, CAMECA ims
4f). For the ICP-MS measurements, the samples and blank acid
mixture were further diluted from 1:10 to 1:50 depending on
the analyte concentration in the original samples and acidified
with 2% sub-boiled HNOj3. For the measurement of stoichio-
metry with ICP-OES, dissolved and diluted 10 ml samples were
studied. The thin films were measured directly by XRF without
sample preparation.

Measurement procedure

The experimental parameters for the measurement of the
stoichiometry and trace impurities by ICP-MS were optimized
with respect to the maximum ion intensity of **Ba™, 8sr*
and **Ti™ as well as good precision for Ba/Sr and (Ba + Sr)/Ti
atomic ratios.

The Ba/Sr and (Ba + Sr)/Ti atomic ratios of the metallic
component of the Ba,Sr, TiO; films were determined by ICP-
MS using '¥Ba*t, *¥Ba™, 86Sr+, 8srt, ®Ti™ and “Ti* as
analyte ions. Three diluted samples were prepared from each
original sample (N = 3) and the number of measurements was
five (n = 5).

Furthermore, trace elements in thin dissolved BST layers
were determined by ICP-MS (using ELAN 6000) using an
external calibration with standard solutions of 38 analytes.
10 pg 17! of '%Rh was added to all solutions as an internal
standard element for quantitative ICP-MS measurements. The
regression coefficients for the calibration curves were better
than 0.999.

Results
Optimization of ICP-QMS

The results of optimization of ELAN 6000 ICP-MS, in order to
achieve maximum ion intensity for '**Ba* 8Sr* and *Ti* as

Table 1 Experimental parameters for the determination of stoichiometry in thin perovskite layers by two ICP-QMS (with and without collision cell)

and DF-ICP-MS

ICP-QMS ELAN

HEX-ICP-QMS Platform DF-ICP-MS ELEMENT

6000 (PE Sciex) (Micromass) (Finnigan MAT)
Nebulizer type MicroMist MicroMist MicroMist
Spray chamber Minicyclonic Minicyclonic Minicyclonic
Solution uptake rate/ml min ' 0.32 0.3 0.2
Rf power/W 1350 1350 1090
Coolant gas flow rate/l min~! 13.5 13.5 14
Auxiliary gas flow rate/l min ™’ 0.7 1.0 0.8
Nebulizer gas flow rate/l min ™! 0.86 0.88 0.96
Helium flow rate/ml min " 8.0
Hydrogen flow rate/ml min ™" 2.0

Scanning mode Peak hopping
Detection system dead time/ns 53
Mass resolution m/Am 300

Peak hopping

300 300

Peak hopping
27
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Fig. 1 Dependence of ion intensity of **Ba*, ¥sr™ and **Ti™ on rf
power at a nebulizer gas flow rate of 0.86 I min~! (a) and on nebulizer
gas flow rate at an rf power of 1350 W (b).
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Fig. 2 Dependence of the measured atomic ratios (Ba + Sr)/Tiand Ba/
Sr on rf power (a) and on nebulizer gas flow rate (b) in a Ba, Sr and Ti
solution (10 pg 17! of each).

well as good precision for Ba/Sr and (Ba + Sr)/Ti atomic ratios
with respect to the experimental parameters (rf power and
nebulizer gas flow), using a 10 pg 1~ ' solution of Ba, Sr and Ti

Table 3 Precision (%) for Ba, Sr, Ti and their ratios measured by DF-
ICP-MS (1 pg 1Y) and by ICP-QMS and HEX-ICP-QMS (10 pg 17}

DF-ICP-MS ICP-QMS HEX-ICP-QMS
Element Precision (n = 6) (%)
Ba 0.11 1.2 0.9
Sr 0.12 1.0 1.3
Ti 0.14 1.3 1.2
Atomic ratio
Ba/Sr 0.17 0.34 0.30
(Ba + Sr)/Ti 0.20 0.23 0.24
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Fig. 3 Precision of atomic ratio measurement as a function of element
concentration (a), nebulizer gas flow rate (b) and rf power (c) (n = 10).

in 2% nitric acid, are shown in Figs. 1-3. The maximum ion
intensities for '**Ba™, 88Sr* and **Ti* were obtained at an rf
power of ICP of 1350 W and a nebulizer gas flow rate of
0.86 1min~! (Fig. 1). The same optimization procedure was
performed for HEX-ICP-MS (Platform) and DF-ICP-MS
(ELEMENT). The sensitivities (in MHz ppm ') and limits of
detection (LOD, in ng 17!, 3¢ criterion) obtained for Ba, Sr and
Ti with different ICP-MS methods are compared in Table 2.
The highest sensitivity observed in DF-ICP-MS for Ba, Sr and
Ti varied in the range 900-1800 MHz ppm~'. HEX-ICP-QMS
yielded a better sensitivity and a better detection limit by up to
ten times in comparison with conventional ICP-QMS. In
Fig. 2, the dependence of the atomic ratios (Ba + Sr)/Ti and

Table 2 Sensitivities (MHz ppmfl) and limits of detection (LOD) (ng 171y obtained with different ICP-MS instruments for Ba, Sr and Ti

DF-ICP-MS ICP-QMS HEX-ICP-QMS
Element Sensitivity/MHz ppm LOD/ng 1! Sensitivity/MHz ppm LOD/ng 1! Sensitivity/MHz ppm LOD/ng 1!
Ba 1720 0.004 37 0.8 244 0.09
Sr 1330 0.007 50 19 242 34
Ti 560 0.08 23 8.3 100 1.3
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Table 4 Results of determination of stoichiometry in Ba,Sr, TiO3 layer using different instruments and methods (average concentration + 20)

Atomic ratio DF-ICP-MS (ELEMENT)

HEX-ICP-QMS (Platform)

ICP-QMS (ELAN-6000) ICP-MS average

Ba/Sr
(Ba+Sr)/Ti

1.6740.02
0.86+0.02

1.71+£0.02
0.86+0.01

1.67+0.02
0.86+0.02

1.68+0.04
0.86+0.01

Table 5 Stoichiometry (atomic ratios) of Ba, Sr and Ti measured in
three parts of the same sample (average concentration + 20)

Atomic ratio 1 I 11
Ba/Sr 1.9440.03 2.0240.03 1.9640.03
(Ba+Sr)/Ti 0.84+0.02 0.98+0.02 0.92+0.02

Table 6 Concentrations (mg1~") of Ba, Sr and Ti measured in two
dissolved Ba,Sr,TiO; layers with ICP-QMS and ICP-OES

A B
Sample
Method ICP-QMS ICP-OES ICP-QMS ICP-OES
Element Concentration/mg 17!
Ba 86.6+0.8 852+2.6 64.8+0.9 61.2+3.2
Sr 25.8+0.4 26.4+1.6 263404 28.0+1.5
Ti 44.4+0.8 47.74+3.6 127.24+3.2 —

Ba/Sr on the rf power and nebulizer gas flow rate is shown
using ELAN 6000 ICP-QMS. The curves in Fig. 2 show a
change in the measured atomic ratio as a function of the
investigated experimental parameters, which is due to the
different ionization potentials of Ba, Sr and Ti (Ba, 5.21 eV; Sr,
5.69¢eV; Ti, 6.82¢V). Thus, at lower rf power and higher
nebulizer gas flow rate, the degree of ionization of Ti is lower in
comparison with that of Ba and Sr, leading to an increase in the
measured (Ba + Sr)/Ti ratio. Therefore, optimized parameters
(Table 1) were chosen in the plateau range in order to minimize
the influence of the possible deviation of rf power and nebulizer
gas flow rate during the measurement on the measured ratio, as
well as to achieve an accurate atomic ratio and a good precision
and sensitivity. The precision of the **Ba™, ¥Sr+ and ¥*Ti*
ion intensities and the Ba/Sr and (Ba + Sr)/Ti atomic ratios
using different ICP-MS is compared in Table 3. The measure-
ment of Bat, Sr* and Ti™ ion intensities using DF-ICP-MS
yielded the best precision down to 0.11% (RSD). For Ba/Sr and
(Ba + Sr)/Ti ratios (n = 10), precisions of 0.17 and 0.12%
(RSD), respectively, were achieved when analysing an aqueous
solution with an element concentration of 1 pg 1.

The dependence of the measurement precision of the Ba/Sr
and (Ba + Sr)/Tiratios on the analyte concentration, nebulizer
gas flow rate and rf power is shown in Fig. 3 using ELAN 6000
ICP-QMS. At an analyte concentration of 10 pg 1™ (acidified
to 2% nitric acid), precisions of 0.34 and 0.23% (RSD) were
achieved for Ba/Sr and (Ba + Sr)/Tiratios (n = 10), respectively,
by ICP-QMS, and 0.30 and 0.24%, respectively, by HEX-ICP-
QMS. However, the precision was relatively low (about 1% for
the Ba/Sr ratio and about 0.3% for the (Ba + Sr)/Ti ratio at
n = 5) in the case of real dissolved thin Ba,Sr,TiO3 layers due

to higher blank values, possible contamination and increased
molecular ion formation [using an acid mixture (HNO; + HF)
to digest the BST layers].

Determination of the stoichiometry of thin Ba Sr,TiO; layers

At the initial experimental stage, element contents were
analysed in samples with a non-stoichiometric composition,
which were produced under different conditions during the
development of the thin film deposition procedure. An example
of stoichiometry determination in a Ba,Sr,TiO; film with
different ICP-MS instruments is given in Table4. The
experimental results obtained with DF-ICP-MS, ICP-QMS
and HEX-ICP-QMS coincide within experimental error.
However, the analytical results may be affected by the possible
non-homogeneity of the investigated samples. The atomic
ratios may differ from part to part because of local defects in
stoichiometry (non-uniform distribution of the elements). In
Table 5, the measurement results are presented for different
parts of the same sample. The variation of the measured Ba/Sr
ratio was within 3%, while the variation of the (Ba + Sr)/Ti
ratio reached up to 15% at this experimental stage.

A comparison of Ba, Sr and Ti concentrations measured in
dissolved samples using ICP-MS and ICP-OES is presented in
Table 6. The results for Ba and Sr agree within experimental
errors. However, the concentrations of Ti in the analysed
samples were near the detection limit of ICP-OES and therefore
are less accurate.

The results of stoichiometry determination using ICP-MS
and XRF are compared in Table 7 for a Ba,Sr, TiO3 thin layer
with ideal stoichiometry prepared by wet deposition (‘refer-
ence’ sample) as well as for a BST layer with nearly ‘ideal’
stoichiometry prepared by MOCVD. Only a small part of the
latter sample was available for [CP-MS analysis; furthermore,
this layer was chemically resistant, and therefore the acid
concentration in the solution was increased in order to dissolve
it completely. This caused more hard matrix effects in
comparison with the previous measurement (Table 4), and
hence a larger relative standard deviation of the ICP-MS
results was observed. In general, the average results of ICP-MS
and XRF are in good agreement taking into account
experimental errors as well as the inhomogeneity of the
analysed samples. The inhomogeneity of element distribution
(determination of lateral distribution of matrix elements and
depth profiling) in thin Ba,Sr,TiO; layers was studied using
sputtered neutral mass spectrometry (SNMS).!>!°

In Table 8, the contents of trace impurities measured in two
Ba,Sr,TiO; dissolved samples (original sample quantity,
100 pl) are presented, together with the LODs. The LODs in
thin films were determined from the mass spectrum of the
(matrix-matched) blank solution using the 3¢ criterion (the
LOD is given by my, + 30y, where m1, is the mean value of the

Table 7 Atomic ratios Ba/Sr and (Ba + Sr)/Ti in dissolved Ba,Sr,TiO; layers measured with ICP-MS and XRF

Atomic ratio 1“ 2b

ICP-QMS XRF ICP-MS (average) XRF Ideal stoichiometry
Ba/Sr 2.2840.02 2.2740.02 2.3840.15 2.3440.02 2.33
(Ba + Sr)/Ti 0.9840.01 1.0040.02 1.014+0.03 1.0040.02 1.00

“1: Ba,Sr,TiO; layer with ideal stoichiometry prepared by wet deposition (‘reference’ sample). by Ba,Sr,TiO; layer with nearly ‘ideal’ stoichio-
metry prepared by MOCVD.
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Table 8 Limits of detection (LOD/ug 1™ ") of ICP-QMS (ELAN 6000) for trace elements calculated in diluted samples (initial sample quantity,
100 pl; dilution factor, 1000) and content of trace elements (ng) in two perovskite layers

Element content/ng

Element content/ng

Element LOD/pg1™! 1 11 Element LOD/ug1™! I 11

Ag 0.04 5.6+04 <4 Mn 0.002 29.7+2.7 2.1+0.2
Cd 0.006 3.840.1 32.240.7 Mo 0.3 <30 <30
Ce 0.0013 13.5+2.4 0.34+0.04 Nd 0.002 49+0.1 <0.2
Co 0.003 1.74£0.2 0.30£0.09 Pb 0.004 48.440.6 56102
Cr 0.02 72413 <2 Pd 0.02 43.7+1.6 <2

Cu 0.04 29+1 10.5+0.6 Pr 0.002 1.4+0.3 <0.2
Dy 0.002 1.6+0.4 <0.2 Pt 0.002 0.2840.07 <0.2
Er 0.002 0.8+0.2 <0.2 Rb 0.014 48+04 1.6+0.2
Eu 0.002 1.2+0.1 0.80+0.05 Sb 0.004 4.140.2 <04

Fe 0.02 884+22 132+17 Se 0.013 18+2 18+4
Ga 0.002 5445 36+1 Sm 0.002 44+0.1 2.840.1
Gd 0.003 1.740.3 <0.3 Th 0.02 3.5+0.2 <2

Ge 0.02 12+7 <2 Tm 0.003 1.3+£0.2 <0.3
Hf 0.08 1540.5 <8 U 0.003 1.7£0.1 0.29+0.04
Ho 0.002 0.224+0.04 <2 v 0.08 12.840.3 <8

La 0.0015 51+1.0 0.17+0.04 Y 0.002 62+1.2 0.96+0.10
Li 0.016 7848 44+4 Yb 0.002 0.87+0.20 <0.2
Lu 0.0015 0.34+0.10 <0.15 Zn 0.004 420+38 613+19
Mg 0.4 818+34 135+£28 Zr 0.2 650+ 10 25+4
blank measurements and o}, is the standard deviation of Acknowledgements

fiveindependent measurements of the blank value) considering
the measured ion intensities in multielement standard solutions
with known element concentrations. These LODs were affected
by the blank values of ICP-MS and chemicals and the
disturbing interferences of molecular ions on the atomic ions
of the analyte. The measured trace element concentrations
differed from sample to sample (see Table 8) depending on the
chemicals and experimental conditions used for Ba,Sr,TiO;
layer deposition. Furthermore, contamination with trace
impurities during layer preparation was detected.

Conclusions

The high sensitivity of ICP-MS achieved at small solution
uptake rates allows the determination of major and trace
elements in thin Ba,Sr,TiO; films after their dissolution. The
analytical results of ICP-QMS were verified by comparison
with independent analytical methods, such as ICP-OES and
XRF. In general, a comparison of the different analytical
methods yielded good agreement between the applied techni-
ques. However, some differences in the obtained results were
observed, because non-destructive XRF refers to the whole
analyte quantity, including that part of the analyte diffused in
the substrate, whilst ICP-QMS only refers to the dissolved
surface film. The study of these effects, including Ba,Sr,TiO;
layer profiling using other methods such as secondary ion mass
spectrometry and X-ray-induced photoelectron spectroscopy,
together with ICP-MS and XRF, will be the subject of
forthcoming work. Of the applied analytical techniques, only
ICP-MS allowed the analysis of trace impurities in Ba,Sr, TiO5
samples, which is important for the control of deposition
processes and defects in thin Ba,Sr, TiO3 layers.
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