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The novel, single-sample concept combinatorial method, the so-called micro-combinatory technique, has been
shown to be suitable for the high-throughput and complex characterization of multicomponent thin films over an
entire composition range. In addition to the 3 mm diameter TEM grid used for microstructural analysis, by scaling
up the substrate size to 10 x 25 mm, this novel approach has allowed for a comprehensive study of the properties
of the materials as a function of their composition, which has been determined via transmission electron
microscopy (TEM), scanning electron microscopy (SEM), Rutherford backscattering spectrometry (RBS), X-ray
diffraction analysis (XRD), atomic force microscopy (AFM), spectroscopic ellipsometry, and nanoindentation
studies.

thin two- and three-component films micro-combinatorial approach microstructure

high hardness thin films

| 1. Introduction

Combinatorics, also known as combinatorial mathematics, concerns the problems of selection, arrangement, and
operation within finite or discrete systems W. The combinatorial approach is ubiquitous, regardless of the
involvement of mathematics. Indeed, the evolution of life on Earth is the greatest combinatorial experiment. Mother
Nature conducts this experiment with millions of species and billions of individuals at a time through their
confrontation with a changing environment, which, over millions of years, selects such individuals for survival and

successful reproduction.

Even in our everyday lives, we use combinatorial approaches almost instinctively to organize and group our

programs and tasks efficiently to save time, effort, and money.

Researchers can learn from nature and apply combinatorial solutions, preferably consciously instead of
synthesizing and characterizing many individual samples. They can simultaneously use combinatorial techniques,
collect or create groups of samples, and test them or have them interact with the environment to study their
behavior more efficiently. Mother Nature’s infinite possibilities are a good fit with the trial-and-error approach, but
due to humanity’s severely limited possibilities, researchers need to design their combinatorial experiments
carefully.
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One of the first combinatorial experiments for solving practical problems was published by Dorfman & during World
War 2. He proposed a high-throughput method for screening syphilitic individuals from a large population of
recruits. Since individual testing would have required great efforts and expenses and the incidence of the disease
was only a few cases out of tens of thousands, he proposed group testing such that soldiers were divided into
groups of one hundred individuals, whose blood samples were then pooled. The few pooled samples that
presented the syphilis antigen were selected, and only persons from whom these samples originated were
evaluated individually. This reduced the work and costs required by more than an order of magnitude. Dorfman’s

example has clearly proven the benefits of combinatorial solutions.

In terms of materials science and technology, the structural, physical, and chemical properties of innovative
materials depend largely on the proportion of their components. The traditional method for characterizing binaries
and ternaries over a wide range of compositions is to synthesize and evaluate many samples, one for each
composition, which is obviously inefficient. In contrast to individual studies, combinatorial techniques allow for the
high-throughput characterization of compounds, thereby enabling the performance of comprehensive
characterizations or even the creation of materials databases in a short time and with less effort.

2. Applications of the Micro-Combinatorial Technique in
Materials Science

2.1. Al-Mn Thin Layer System

Upon heat treatment, bulk MnAl in the concentration range of 50-60 at%Mn undergoes a transformation from a
hexagonal e-MnAl phase to a metastable, ferromagnetic, tetragonal L1, 1-MnAl phase B4, Due to the high
coercivity of the t-phase, MnAl may be a suitable substitute for the Pt used in FePt and CoPt hard magnetic
coatings, e.g., in recording media. However, different additional phases may exist in thin films, and the
concentration range of the different phases known in the bulk state may differ in composition. This calls for a
comprehensive study of the structure and morphology of the MnAl thin film system, for which the efficient micro-
combinatorial method is well suited Bl A variable concentration Mn-Al sample has been deposited at room
temperature onto a Mo TEM grid covered with a SiOx support layer (see Figure 1).
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Figure 1. (A) Thin Mn-Al micro-combinatorial sample deposited on a Mo TEM grid via dual DC magnetron
sputtering. The 1 mm wide layer strip consists of a 1.5 mm long gradient Mn—Al section enclosed by 0.25 mm long
pure Mn and pure Al sections. (B) Mn and Al concentration profiles measured by EDS as a function of the position

along the TEM grid shown in “A”.

The concentration gradient section at the center of the Mn-Al strip was 1.5 mm long and surrounded by 0.25 mm of
pure Mn and pure Al. The concentration gradient under the experimental conditions was 0.067 at%/um. After the
deposition of the combinatorial sample, a thin SiOx protective layer was applied to prevent oxidation of the sample.
The experimental conditions and details of the deposition process were published in [, The sample was
characterized in a 200 kV Philips CM20 TEM by bright and dark field imaging, Selected Area Electron Diffraction
(SAED), and Energy-Dispersive X-ray Spectrometry (EDS). Figure 1. illustrates that the morphology and structure

of the AIMn binary layer system can be revealed over the entire composition range by measuring a single sample.

Figure 1A shows the photo of a MnAl combinatorial sample on a Mo TEM grid. The length of the arrow (1.5 mm)
corresponds to the length of the gradient section. The elemental distribution along the sample measured by EDS is
shown in Figure 1B. The Mn and Al concentration profiles are acceptably linear as a function of the position.
However, at the boundaries between the one- and two-component regions, the profiles are curved because the
width of the gap used to distribute the deposited layer is not zero. This is a minor disadvantage because the

composition can be checked by EDS at any place as well as within the curved sections.

The TEM micrographs and SAED insets in Figure 2a—c show the typical morphology and structure of the p-
combinatorial sample at selected compositions. The films of 90 at%Mn in (a) present a fine-grained cubic Mn
phase with some cubic MnO. This microstructure persists, while the Mn content decreases from 100% to about
50%. The 50-10%Mn concentration range is characterized by the presence of an amorphous MnAl phase, which is
represented in (b) by the 40%Mn layer. Next to the amorphous phase, at 20%Mn and below, an fcc Al phase
appears with a relatively large grain size. The grain size continues to increase, and the fcc Al phase becomes more

prevalent as the Mn content decreases to 0%Mn.
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Figure 2. TEM micrographs of a Mn-Al p-combinatorial sample at (a) 90%, (b) 40%, and (c) 20%Mn
concentrations showing fine-grained cubic Mn with Mn oxide, amorphous MnAl, and amorphous MnAl with an fcc
Al phase, respectively. The layer depicted in (d) is that of 40%Mn after heat treatment at 500 °C/0.5 h in Ar—H

mixture showing tetragonal MnAl phase. The insets are SAED patterns and DF images.

Note that in addition to the phases of the layers deposited at room temperature, all the MnAl phases formed at an
elevated temperature can be studied after the annealing of the deposited p-combinatorial sample. For example, the
40%-Mn-containing film after annealing in a 500 °C/0.5 h Ar—H2 mixture (Figure 2d) shows a tetragonal Mn 14 Al
11 phase (Pdf 11-0520) identified by the appearance of 001, 110, and 200 rings in SAED. However, a detailed
analysis of the heat-treated layers is outside the scope of this work. It should also be emphasized that both
theoretical calculations and experimental results show that the diffusion effect between the adjacent film areas with

different compositions is negligible.

Figure 3 shows the phases found in the as-deposited p-combinatorial TEM sample via SAED intensity distribution
plots as a function of an Al-Mn elemental composition. From the bottom to the top of the figure, the microstructural
changes associated with decreasing Mn concentrations can be clearly followed (as could be seen in the selected
examples in the previous Figure 2a—c). At 100%, 80%, and 60% manganese content, the sample is characterized
by a fine-grained cubic a-Mn phase (Pdf 32-0637) with broad 222, 330, and 332 peaks and 111 and 220 peaks of
cubic MnO (Pdf 75-0621) . With 60%Mn content, the 330 peak becomes broader, i.e., more diffuse, which
represents a continuous grain-size reduction. A further decrease in Mn concentration leads to amorphization. When
the Mn content is reduced to 40%, an amorphous Mn(Al) solid solution is obtained. At the same time, the two

peaks of the MnO phase disappear, presumably because the layer with a higher Al concentration is less sensitive
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to oxidation. Intensity diagrams for the 20%, 10%, and 0%Mn concentrations show a gradual decrease in the peak
of the amorphous Mn(Al) solid solution and an increase in peaks identified with the 111, 200, and 220 reflections,
showing the co-presence of an amorphous Mn(Al) phases and a crystalline fcc Al phase. The latter consists of Al
grains of increasing size as the Al concentration increases. When the Mn concentration reaches 0%, i.e., 100%Al,

the layer consists of an entirely fcc Al phase.
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Figure 3. SAED intensity distributions representing the phases of the AIMn layer depicted in Figure 2 with various
compositions obtained from a single p-combinatorial TEM sample deposited at room temperature. Green, black,

and red indices show the peak positions of cubic Mn, MnO, and Al phases, respectively.

2.2. Al-Mg Films from Submicron Grain Size to Amorphous Structure

Due to their excellent mechanical properties, aluminum alloys in bulk form are indispensable materials in the

automotive, construction, and aerospace industries and are, therefore, the focus of research (91101,
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The new micro-combinatorial method 2! has been used to effectively reveal the correlations between the structure
and mechanical properties of thin Al-Mg films. This flexible method allows for the preparation of samples that meet
the requirements of relevant measurement techniques. To characterize structure and morphology by TEM, a thin
concentration gradient sample covering the entire compositional range was deposited on a TEM grid. To measure
mechanical properties by nanoindentation 12, a series of 2 x 12 mm? strips of selected discrete compositions were
deposited on a single Si substrate in one experimental run to cover the technologically relevant composition range
of an AIMg system (0-30 at%Mg) (1],

The TEM images in Figure 4a—d show the microstructures of the films at 0, 1, 10, and 30%Mg content,
respectively. The fine grain size (~110 nm) of pure Al (0%Mg) shown in (a) decreases further when increasing the
Mg concentration (~80 nm for 1%Mg), reaching ~40 nm for Al-10at%Mg (c). Finally, the layer appears dominantly
amorphous at Al-30at%Mg (d). According to the SAED results, the layers exhibit an fcc Al(Mg) phase at each
composition up to 30%Mg.

Figure 4. TEM images with SAED insets of (a) pure Al, (b) Al-1%Mg, (c) Al-10%Mg, and (d) Al-30%Mg films,

showing microstructures with very fine grain sizes decreasing with an increasing Mg content. The films exhibit fcc
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Al(Mg) phase at each composition up to 30%Mg, at which point an amorphous component becomes dominant.

The nanoindentation measurements were performed on distinct strips prepared with selected compositions 111,

Figure 5 shows the indentation depth—load (h—F) curves of the AIMg layers at 0, 1, 5, 10, and 30%Mg

concentrations. It is evident that as low as a 1 at%Mg level of alloying leads to a remarkable decrease in the

penetration depth of the indenter, i.e., a significant (~3%) hardness increase compared to pure Al. The nano-

hardness (H) of the layers plotted against the Mg concentration in Figure 6 shows a further increase, reaching the

remarkable high value of H,5x = 8 GPa at an about 15 at%Mg concentration.
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Figure 5. Indentation depth—load (h—F) curves of (a) the samples of various Al-Mg compositions and (b) of the Al-
10%Mg and Al-30%Mg samples together with the corresponding AFM images regarding the indented surface (the
h—F curve of the sample Al-30%Mg sample is shifted to the right by 0.5 pm for clarity).
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Figure 6. Hardness of the thin AIMg layers as a function of Mg content.

In the case of the AlI-30%Mg film shown in Figure 5b, an interesting phenomenon, namely, a stepped behavior of
the penetration curve, was observed. This is in complete agreement with both the dominant amorphous structure
determined by TEM and SAED (Figure 4d) and with the appearance of deformation bands around the imprint as
revealed by AFM (Figure 5b). Indeed, the discontinuous indentation curve is a phenomenon typical of the

deformation of amorphous materials (22!,

2.3. High Strength in AICu Thin Films

Among their other advantageous mechanical properties, bulk AICu alloys are also known for their special aging
behavior 141, which has been well studied and documented 3. However, in the form of thin films, this special alloy
is hardly discussed and only in cases with low Cu concentrations 28171 To study the structural and mechanical
properties of the AICu thin film system in a wide compositional range, Draissia et al. 1819 deposited several thin
film samples using cathodic radiofrequency (RF) sputtering. They used composite targets in which a bulk Cu disk
was inserted into a bulk Al ring, and by changing the surface fraction of the insert, the composition of the sputtered
layer was adjusted. Through their method, 10 different, separate samples with Cu concentrations ranging from 1.8
to 92.5 at% were prepared 2. The microstructural characteristics were determined by XRD and TEM, while the

hardness of the layers was determined by nanoindentation.

Recently, the micro-combinatorial method has been applied to the structural and mechanical investigation of the
AlCu thin film system 29, which has allowed for a more efficient and reproducible characterization over the whole
concentration range compared to the traditional one-experiment—-one-sample method. In a single vacuum cycle
experiment using dual DC magnetron sputtering, 15 distinct strips of films with dimensions of 12 x 1 mm? that were
~1.7 um thick and had different Al-Cu compositions were deposited abreast on a 12 x 25 mm? Si substrate. The
Cu-alloying concentrations in the strips were chosen to cover the whole range from 0 at% to 100 at%, thus
providing a comprehensive study of the whole AICu layer system. The micro-combinatorial method allowed for the
preparation of all 15 layers in one vacuum cycle and in one experiment. It ensured identical sputtering conditions
for the strips in the UHV vacuum chamber, e.g., residual and Ar working gas pressures, and with regard to the type
and amount of impurities in the system; these are key parameters for reproducibility, as they can significantly affect
the properties of a coating 2. This sample design greatly aided the determination of the system’s mechanical
properties via nanoindentation measurements. As a result, Figure 7 shows the evolution of the nano-hardness of
the AICu thin film system as a function of both Cu concentration and max. indentation load. In this layer system,
two unexpected phenomena were found: at a concentration of 52 at%Cu, an exceptionally high strength of ~16

GPa was observed, approaching or even reaching the strength of some industrial protective coatings 221,
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Figure 7. Result of nanoindentation measurements determined from the micro-combinatorial sample: nano-

hardness values of the AICu thin film system as a function of Cu alloying concentration.

In addition to high hardness, Figure 7 represents another phenomenon, namely, that at low alloying
concentrations, indentations at 10, 20, and 50 mN result in identical H values, while in the intermediate range at
~40-70 at%Cu, lower maximum indentation forces are coupled with higher H values. This interesting phenomenon
is called the indentation size effect (ISE), where smaller indentation traces (smaller maximal indentation forces) are
associated with higher hardness values for the material. The ISE makes it very difficult to compare the results of
hardness measurements taken at different loads. There is a widely accepted theory developed by Nix and Gao [23
that uses geometrically necessary dislocations (GNDs) for the explanation of these phenomena; unfortunately,
there is still some uncertainty about its origin, as many factors can have an influence on the determination of
hardness, such as the friction between the indenter tip and the indented material 24! or imperfections of the

indenter tip (221,

From the comparison of the microstructures of the layers (not shown here) with and without ISE, the otherwise
surprising lack of an indentation size effect in the pure Al and pure Cu layers 22 could be attributed to the

predominance of the sliding deformation mechanism of the grain boundaries [28],

Thus, it can be concluded that the micro-combinatorial technique has allowed for sampling with a planned, suitable
concentration resolution for a comprehensive characterization of binary layer systems. As a result, two phenomena
have been discovered and interpreted, namely, the extreme hardness of a binary alloy layer containing rather soft

constituents (Al and Cu) and the indentation size effect (ISE).

2.4. a-SiGe and Hydrogenated a-SiGe Combinatorial Thin Films
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The research of thin, amorphous (a-) SiGe and hydrogenated a-SiGe (a-SiGe:H) films is motivated by their
technological importance and wide range of applications in solar cells [ZZ[281291301  thin film transistors [31132]
Schottky diodes 33341 thermal sensors 22, bolometers, etc. SiGe-on-Si is of particular interest because varying
the Ge concentration of this alloy allows for the fine tuning of material properties such as bandwidth or the
refractive index. In the SiGe system, the operating range can be extended by up to 8 um (the wavelength of the
onset of Si absorption) and further extended up to 14 pm (Ge transparency cut-off wavelength) for devices with a
low Si concentration [281371(38]

In this section, it is shown that the micro-combinatorial method has proven to be a very effective technique for the
efficient investigation of the structural and optical properties of SiGe and SiGe:H layer systems. This has been
demonstrated both in the preparation of a single sample containing a complete binary layer system and by
providing optimal conditions for a very efficient characterization of the sample through a range of analytical
techniques 2449 (as shown in Figure 8). While the original procedure @ of depositing a 1 mm concentration-
gradient-length film on a 3 mm diameter grid (Figure 8a) was adequate for TEM studies, to determine optical
properties, the sample had to be enlarged to approximately 1 x 0.5 inches, which is in line with the smallest focal
spot size (~0.3 mm) typically available for spectroscopic ellipsometry (SE) 1 measurements. Figure 8b shows a
schematic of the composition-spread SiGe layer on the 10 x 25 mm? Si substrate, spanning a 20 mm gradient
region in the center of the sample. SiGe films were prepared by dual DC sputtering of Si and Ge targets in an Ar
atmosphere, while SiGe:H samples were sputtered in a mixture of high-purity H and Ar at py/p = 0, 0.05, 0.10, and
0.20 H partial pressures. For the detailed description of the experimental procedure, see Ref BJ[49. The excellent
reliability of the micro-combinatorial method for achieving the desired concentration profile is illustrated in Figure
8d, which shows a very well-matched linear variation of the Si and Ge atomic concentrations along the substrate
through two independent methods: Rutherford Backscattering Spectrometry (RBS) and Energy Dispersive X-ray
Spectrometry (EDS). The RBS result is indicated by a solid line (red for Si and blue for Ge), and the result of EDS
is plotted with a dashed line (only the variation of Si is shown).
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Figure 8. SixGei1x (0 < x < 1) thin films fabricated via the micro-combinatorial method (a) on a Mo grid for TEM
measurements. (b) A schematic of the sample for spectroscopic ellipsometry investigations. (c) The compositional
change across the TEM grid obtained by TEM EDS and (d) along the 10 x 25 mm? Si slab obtained via RBS

(continuous line) and EDS (dashed line).

It was revealed that the hydrogen content of the layer of the hydrogenated SiGe:H samples also varies linearly with

the sample’s position, i.e., the concentration of Si as detailed in E2149],

Figure 9 shows the color-coded maps of the extinction coefficient (k) and the refractive index (n) values revealed
for the amorphous hydrogenated SiGe films prepared at Py/Psputt = 0, 0.05, 0.1, and 0.2 H partial pressures as a
function of photon energy and position along the sample. It can be observed that both k and n show a linearly

dependent behavior with respect to the position, i.e. the Si-Ge composition.
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Figure 9. Color-coded maps of the extinction coefficient k (left) and the refractive index n (right) of hydrogenated
amorphous SiGe films prepared at different H partial pressures (Py/Psputt = 0, 0.05, 0.1, and 0.2) as a function of
position and photon energy measured by ellipsometry on micro-combinatorial samples. The 0 mm and 20 mm

positions correspond to the pure Si and pure Ge ends of the sample with linearly varying composition.

These maps represent a library of optical properties of the hydrogenated amorphous SiGe: H system, covering the
full range of Si-Ge compositions as well as a wide range of hydrogen concentrations and photon energy. This
color-coded library and its tabular representation with numerical data 9 can be a very useful reference database

for researchers and technologists working with the amorphous silicon-germanium system.

2.5. Reactively Sputtered Combinatorial Si-O-N Layer system

Pure silicon dioxide (SiO, ) and nitride (SiN,) are well-known essential materials in electronic technology and are
produced using a series of production techniques 4243l |n its complex form, amorphous, ternary silicon oxynitride
(SION) is a chemically stable material. Depending on the oxygen and nitrogen content it shows a refractive index
between 1.45 and 2.05 that would provide wide application range in optoelectronics. However, this layer system is

hardly used due to technological difficulties wherein the composition of the SION and thus its refractive index are
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particularly sensitive to small changes in sputtering parameters, especially oxygen content of the plasma gas 4],
This evokes a strong motivation to investigate the sputtering process itself and reveal the correlations between the
sputtering conditions, composition, and optical properties of the Si-O-N thin film system over the whole composition
range.
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Figure 10. (Left): Atomic concentrations (O/O+N) measured by SEM EDS along the micro-combinatorial SION
samples deposited at 1.62 and 1.95 kV wall potentials. A continuous decrease in the O content was observed,
resulting in SiOx a SiOxNy a SiNy transitions. (Right): corresponding SE results showing the variation of the
refractive index, n as a function of position, i.e. composition.

The influence of a variable reactive gas inlet during RF sputter deposition of Si-O-N, the use of the micro-
combinatorial layer growth method, and the correlations found between the sputtering parameters, layer
composition, and refractive index, are plotted in the diagrams in Figure 10. and serve as a base of a model for the
sputtering process detailed in [45],

| 3. Summary

The novel micro-combinatorial technique allows for a high-throughput comprehensive characterization of the
structure and material properties of multicomponent thin film systems, revealing their interrelationships and
determining their underlying mechanisms. This materials characterization technique has proven to be extremely
effective in producing and testing complete two- and three-component layer systems of variable compositions
within a single sample, adapted to the analytical method used. The scientific results already achieved, as well as
the innovation potential of the high-throughput concept, including the creation of two- and three-component thin film

databases, can be well exploited in research, technology, and applications.
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