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Four-Dimensional Big Data Analysis Using Two-Step
Multivariate Curve Resolution Technique
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For research and development in material science, it is important to understand the three-dimensional (3D) distributions of
chemical species in samples. The effective utilization of 4D big data which contain a lot of information about the 3D distributions is
a key factor. This paper demonstrates a new 4D data analysis technique called “two-step multivariate curve resolution (MCR)”. To
obtain an intuitive expression of 4D data, we devised a process involving two iterations of MCR with digitization in between. The
new technique was applied to the analysis of time-of-flight secondary ion mass spectrometry data derived from a thin-film sample
to assist in the interpretation of complex three-dimensional local microstructures. Compared to conventional methods of data
presentation, two-step MCR was found to greatly facilitate the clarification and understanding of the 4D analysis data.
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1. Introduction

According to advances in instrumental analysis tech-
nology, four-dimensional (4D) material data can be easily
obtained today. For example, time-of-flight secondary ion
mass spectrometry (ToF-SIMS)*! can provide 4D data
when used in conjunction with sputtering techniques. As
shown schematically in Fig. 1, the intensity of a secondary
ion fragment possessing a given m/z varies as a function of
the X, Y, and Z coordinates. Although such 4D data contain
a wealth of valuable information about samples, these data
are rarely utilized effectively because 4D data cannot be
graphically shown on a 2D plane for intuitive interpreta-
tion.
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Fig. 1. Pictorial representation of ToF-SIMS 4D data

A description of 4D data on a 2D plane requires a
means to summarize and represent the data. Three different
data presentation methods are commonly used for this
purpose. Method A is displaying only the depth profile
(Fig. 2 (a)), Method B is a 3D plot of a given m/z signal
(Fig. 2 (b)), and Method C is a display of the m/z intensity
distribution at each pixel in a selected plane (Fig. 2 (c)).

In Method A, the 4D data are averaged over each XV
plane. This process is therefore inappropriate for data of
samples with an inhomogeneous XY plane. In Method B, it

is difficult to capture the relationships between the frag-
ment ions. In Method C, we observe only the specified
planes. Thus, these techniques cannot present the entirety
of the 4D information adequately.

To overcome this problem, we have conceived a new
4D data analysis technique based on unsupervised machine
learning whereby important characteristics of the 4D data
are extracted automatically without any arbitrary data
editing. The remainder of the paper is organized as follows.
An explanation of the mathematical procedures for the
analysis is first given. Then, the proposed method is used
to analyze 4D data obtained by ToF-SIMS measurement of
a thin-film sample, demonstrating that the method provides

(a) Method A: Averaging the data over each XY plane, resulting
in displays of the mean depth profiles for all m/z signals
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(b) Method B: 3D plotting of m/z signals, resulting in displays of the
spatial distributions of each chemical species corresponding to a
particular m/z value
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(c) Method C: Extracting the intensity data across a plane
(in this figure, YZ plane), resulting in distribution maps across
the planes for selected m/z signals

m/z=j, m/z=j, m/z=j,

Fig. 2. Three conventional data presentation methods
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a clarified and intuitive display of the spatial distributions
of chemical species in the sample.

2. The Mathematical Procedures of the New
Analysis Method

2-1 Framework of two-step MCR

There are many mathematical techniques to compress
enormous amounts of spectra data without critical informa-
tion loss.” Among them, the most popular one is multivar-
iate curve resolution (MCR)*2.()® The new analysis
method demonstrated in this paper is referred to as “two-
step MCR” because it involves the iteration of MCR a
second time after an appropriate intermediate treatment
step.

It is important to show the matrix expression of the
4D data for the two-step MCR process since MCR is based
on a matrix factorization technique. The 4D data for
ToF-SIMS measurement can be expressed as

digg d1]1d112 dl]Z dyr dl]T

p=(: -~ i Pt b e (1),
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In this expression, the matrix components are speci-
fied by three indices: the lateral position (X and Y: from 1
to /), the mass (m/z: from 1 to J), and the depth (Z: from 1
to 7). The matrix component dj: is the data that corre-
sponds to the XY position i, the nominal mass j, and the
depth ¢. Generally, the XY planes are usually transferred
into one-dimensional rows in MCR process. In this study,
the original data were preprocessed using Poisson scaling
under the assumption that ToF-SIMS signals are likely to
be governed by Poisson statistics. In the example in this
paper, J is set to 500 because unit mass binning of the
peaks in the mass spectra was performed for a mass range
of 1 to 500.

The two-step MCR approximates the raw 4D data in
Eq. (1) as follows.
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Here, ci, sji, and fu™® correspond to the lateral distribu-
tion of the “unit” k, the mass spectrum of the chemical
species /, and the depth profile of the chemical species / in
the unit &, respectively. The units correspond to the combi-
nations of the lateral concentration distributions and the
depth profiles (Z vs. m/z fragment intensity). Here, K and L
are the numbers of units and chemical species, respectively.

These two decomposition parameters K and L are
characteristic of the two-step MCR, which are not used in
parallel factor analysis (PARAFAC),® which is formalisti-
cally similar to the two-step MCR. PARAFAC is a tensor
decomposition method that decomposes the data matrix (1)
into three matrices as follows.

L

dije = Z cuSiifu

=1

Here, ci, s, and fi correspond to the lateral distribu-
tion, the mass spectrum, and the depth profile of the chem-
ical species /, respectively. The / in Eq. (3) can be regarded
as the index of the chemical species in the sample, and
corresponds to the / in Eq. (2). It is worth noting that the
two-step MCR has higher degrees of freedom with which
to express a system compared to PARAFAC, since it has
two independent parameters (K and L). The two-step MCR
has therefore an advantage when, for example, expressing
the complicated material distribution of a sample.
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Fig. 3. Schematic summary of the two-step MCR process

An overview of the two-step MCR is shown in Fig. 3.
The matrix components such as “c;;,” “fr; 3~ and “s;,”
correspond to those given in after-mentioned Egs. (4) and
(6). Here, the special case where K =2 (in Eq. (4)) and L =
3 (in Eq (6)) is shown for simplicity. Summarized data
matrices C, F, and S, are sequentially obtained from the
original data matrix D by two iterations of MCR. The
decomposition is realized using an alternating least squares
(ALS) method.®® First, the Poisson-scaled data matrix D
in Eq. (1) is decomposed into the product of two low-
dimensional matrices as given by

D~CPT
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Here, the matrix C is the lateral concentration distri-
bution of units. The matrix P corresponds to the depth

76 - Four-Dimensional Big Data Analysis Using Two-Step Multivariate Curve Resolution Technique



profiles of all m/z signals in all the units. After the decom-
position of Eq. (4), C is digitized and P is correspondingly
modified. The significance and the specific procedures of
digitization are explained in the next subsection.

The calculation of Eq. (4) is generally time- and
memory-consuming so some simplification processes such
as data decimation are sometimes necessary.

P can be further decomposed by an additional MCR
process. Before the decomposition, P is transformed as
follows in order to derive the chemical components from
the data by the additional MCR.

P11 RN J K]
Pj+11 " Pix21
Pix(r-1)+11 " PjxT1
P->PpP = o e (5)
Pik ° Pjk
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Note that columns j in matrix P’ correspond to the
nominal mass j. This transformed matrix P'is decomposed
into the product of two low-dimensional matrices as
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where the matrix S corresponds to the mass spectra of the
compounds, matrix F gives the depth profiles of the
chemical compounds, and L is the number of chemical
compounds that are necessary for expressing the essential
characteristics of the sample.

The matrix F includes the depth profiles in all K units.
Therefore it can be expressed as
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where sub-matrix F® corresponds to the depth profile in
the unit £.

As a result, the original 4D data are expressed approx-
imately by three matrices, namely, the lateral concentration
distributions of the units, the depth profiles of the
compounds, and the mass spectra of the compounds. The
necessary numbers of regions and compounds (K and L in
Egs. (4) and (6), respectively) are typically less than ten, as
shown in the following example. These small numbers
permit the entire 4D dataset to be expressed within the
limited space of a 2D plane.

In this paper, the MCR algorithm has been used in a
twofold decomposition process. Other algorithms such as
the non-negative matrix factorization (NMF)® are also

suitable for this purpose and offer similar results since both
MCR and NMF are based on the minimization of the sum
of squares of the error between D and CP'.

2-2 Digitization of the matrix C

In MCR, the matrix C generally has a number of
nonzero values in each row, which means that the lateral
distributions of different units overlap with each other. In
3D data analysis, this overlap simply corresponds to a
mixture of compounds and does not introduce any diffi-
culty in interpreting the data intuitively. In contrast, the
overlapping of the components of C in the two-step MCR
complicates the intuitive interpretation of the data.

To improve the clarity of the expression, the matrix C
is digitized such that the overlapping of units is prohibited.
In other words, for each row in C, there is only a single “1”
value, and all other components are set to “0.” C can be
digitized using some clustering methods such as k-means
clustering. The corresponding P is then modified by the
simple least squares process. The distributions of the C are
expressed using only “1” or “0” as shown in after-
mentioned Fig. 5.

MCR is classified as a “soft clustering” method that
permits the overlap of the components. On the other hand,
the combination of the first MCR and the above digitiza-
tion is considered “hard clustering,” as it prohibits over-
laps. In the two-step MCR, intuitive expressions of 4D data
are realized by doing hard and soft clustering about the
lateral and vertical distributions of the materials in the
sample, respectively.

3. ToF-SIMS Measurement and Two-Step MCR
Analysis of BZY Thin Film

The analysis of BaZri«YxOs3-s (BZY) is demonstrated
as an example of the two-step MCR. BZY is a promising
candidate as an electrolyte in protonic ceramic fuel cells.
The ToF-SIMS test sample used in this study was
comprised of two BZY layers (BZY-A (100 nm) and
BZY-B (>1 um)) on a NiO+BZY substrate as shown in
Fig. 4 (a). In this case, it was particularly important to
evaluate the diffusion of Ni into the BZY layers.

A PHI nano TOF II ToF-SIMS instrument
(ULVAC-PHI Inc., Kanagawa, Japan) was used for
measurements. A 30 kV Bi*"* beam was adopted for the
primary ions. A 2 kV Cs* ion beam was used as the sput-
tering source. The sputtering times were converted to depth
from the surface using the sputtering rate for SiO2. The
lateral area analyzed was 100 pm % 100 pm. The positive
ion data were analyzed. The signals of m/z = 133 (Cs), 266
(Cs2), and 399 (Css3) have been omitted from the raw data
because the sensitivity of Cs is extremely high in positive
ion ToF-SIMS measurement, which disrupts the two-step
MCR process and interpretation of the data.

First, we examine the results using Method A in
Fig. 2 (a), as shown in Fig. 4 (b). Ni (m/z = 58) was detected
in the BZY-B layer. However, details of the spatial distribu-
tion cannot be well understood from the depth profile
alone.

The same data processed using the two-step MCR are
presented in Fig. 5. Three distinct units and three chemical

SEI TECHNICAL REVIEW - NUMBER 91 - OCTOBER 2020 - 77



(@)

BZY-A BZY-B NiO+BZY
(100nm)  (>1 pm) Substrate
| | Ni Diffusio
________ ~ Analysis Depth
(b) BZY-A BZY-B
________ m/z=138(Ba)
10000 e e
........................... M0
1000 F55 NS SO 4 -
/2=89(Y
g m/zm(o) ey
2100 oot
%m/z=58(Ni)
10 - boeeneenes
; MN . | ,
0 200 400 600 800

Depth(nm)

Fig. 4. (a) The cross-section structure of the test sample for ToF-SIMS
measurement. (b) Depth profiles of typical m/z signals, which are
averaged over the whole analyzed XY plane

species were automatically extracted. Three maps corre-
spond to the digitalized matrix C. White points in the maps
show each units. In Fig. 5, the XY plane is divided into
three regions. It is contrast to the expression of Fig. 4,
where the 4D data are averaged over each XY plane. The
depth profiles correspond to the matrix F® in Eq. (7),
which show the distributions of material A, B, and C along
Z axis. The mass spectra correspond to the matrix S, which
show the components of material A, B, and C.

In Unit 1, the signal intensity is almost constant with
depth for material A. Material A mainly includes the
components of m/z = 89 (Y), 90 (Zr), 105 (YO), 138 (Ba),
and 154 (BaO), which indicates that Unit 1 correspond to
the main structure of BZY.

The other two units express the local structure of the
sample. In Unit 2, the ratio of material C is higher than that
in Unit 1. Material C includes the components of m/z = 58
(Ni), 60 (Ni), 191 (CsNi), 193 (CsNi), 212 (BaNiO), 214
(BaNiO), 282 (Cs20), 415 (Cs30), 489 (Cs3NiOz), and 491
(Cs3NiO2). This indicates that the Ni atoms diffuse into the
BZY layer along local paths.

In Unit 3, the ratio of material B is higher than that in
Unit 1. Material B includes the components of m/z = 89
(Y), 105 (YO), 194 (Y20), 210 (Y202), 259 (BaYO2), and
331 (Y304). Unit 3 thus indicates that the Y atoms aggre-
gate locally in the BZY-B layer.

The results shown in Fig. 5 can also be interpreted
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Fig. 5. Results for two-step MCR analysis of the BZY data

from a different perspective. Figure 6 shows 3D intensity
plots for representative m/z signals. The distributions of m/z
= 89 and 105 resemble each other, which corresponds to
material B in Unit 3 in Fig. 5. It is noteworthy that the
distribution of m/z = 58 (Ni), which is relatively unclear
compared to other five 3D maps due to the order of magni-
tude lower intensity of the m/z = 58 signal as shown in
Fig. 4 (b), can be indirectly understood by the distribution
of m/z = 282 (Cs20) because they are found to be similar
by the two-step MCR as shown in Fig. 5.

These six m/z distributions in Fig. 6 have been identi-
fied by simply looking at three mass spectra in Fig. 5.
Normally, to determine these m/z groups that coexist in the
sample, all (1~500) m/z 3D distributions must be plotted,
as in Fig. 1 (c), which is extremely troublesome. In contrast,
the two-step MCR enables the automatic extraction and
intuitive display of important characteristic 3D units and
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Fig. 6. Distribution of six representative m/z signals in the BZY film. Among
them, only (d) is a translucent plot showing the deficiency regions of m/z
=138 (Ba), which corresponds to Unit 2 in Fig. 5. The X, Y, and Z axes
range from 0 to 100 um, 0 to 100 um, and 0 to 800 nm, respectively

materials from raw big 4D data, which powerfully assists
the understanding and development of the material.

4. Conclusion

A new data analysis technique called “two-step MCR”
for expressing 4D material data has been proposed. The
proposed method was applied to a 4D dataset of ToF-SIMS
measurements of a BZY thin-film sample to demonstrate
the simplification of displays that are used to identify the
local distributions of Ni and Y in the BZY layer. Such
information is difficult to determine by using conventional
data presentation techniques.

In principle, the two-step MCR technique can be
applied not only to ToF-SIMS data but also to other vari-
eties of 4D data sets including energy dispersive X-ray
spectrometry with focused ion beam processing (X, Y, Z,
and /v) and X-ray computed tomography (X, Y, Z, and T),
for example. We anticipate in the future that the two-step
MCR will provide solutions to a wide range of data analysis
problems.

Technical Terms

*1 Time-of-flight secondary ion mass spectrometry
(ToF-SIMS): A surface analysis technique. Ion beam
(primary ion) irradiation is applied to a sample
surface and mass separation of the ions emitted from
the surface (secondary ions) is performed using the
difference in time-of-flight (time-of-flight is
proportional to the square root of the weight).

*%2  Multivariate curve resolution (MCR): A mathematical
processing technique based on unsupervised machine
learning, by which pure component spectra in a
sample are extracted from raw 3D (e.g., X, ¥, and
m/z) data.
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