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ABSTRACT: Pt doped semiconducting metal oxides and Pt metal clusters embedded in an oxide matrix are of interest for applica-
tions such as catalysis and gas sensing, energy storage and memory devices. Accurate tuning of the dopant level is crucial for adjusting
the properties of these materials. Here, a novel atomic layer deposition (ALD) based method for doping Pt into In»Oj3 in specific, and
metals in metal oxides in general, is demonstrated. This approach combines alternating exposures of Pt and In,O3 ALD processes in
a single ‘supercycle’, followed by supercycle repetition leading to multilayered nanocomposites. The atomic level control of ALD
and its conformal nature make the method suitable for accurate dopant control even on high surface area supports. Oxidation state,
local structural environment and crystalline phase of the embedded Pt dopants were obtained by means of X-ray characterization
methods and high angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). In addition, this approach
allows characterization of the nucleation stages of metal ALD processes, by stacking those states multiple times in an oxide matrix.
Regardless of experimental conditions, a few Pt ALD cycles leads to the formation of oxidized Pt species due to their highly dispersed
nature, as proven by X-ray absorption spectroscopy (XAS). Grazing-incidence small-angle X-ray scattering (GISAXS) and high-
resolution scanning transmission electron microscopy, combined with energy dispersive X-ray spectroscopy (HR-STEM/EDXS)
show that Pt is evenly distributed in the In,O3; metal oxide matrix without the formation of clusters. For a larger number of Pt ALD
cycles, typ. > 10, the oxidation state gradually evolves towards fully metallic, and metallic Pt clusters are obtained within the In,Os
metal oxide matrix. This work reveals how tuning of the ALD supercycle approach for Pt doping allows controlled engineering of
the Pt compositional and structural configuration within a metal oxide matrix.

INTRODUCTION

Metal oxides have been attracting great attention in various
fields such as gas sensing, energy storage and catalytic applica-
tions. Adding noble metals to metal oxides is an effective way
to improve the electronic properties of the oxides. Depending
on how the addition takes place, either as atomically dispersed
doping or as embedded nanoparticles (NPs) inside the metal ox-
ide matrix, the resulting materials find their own unique appli-
cations. For example, metallic NPs embedded in metal oxides
are widely used as charge storage materials in single electron
memory devices.!? On the other hand, noble metal doped sem-
iconducting metal oxides (SMOs), such as Pd-SnO, and Pt-
In,O3, have been found to outperform the undoped parent oxides
in their catalytic and gas sensing properties.>

Discrete nanocrystal memory' has revolutionized the field of
non-volatile memory devices (NVM), due to its high operation
speed and scalability. Among nanocrystal materials, metal NPs
are considered highly promising because of a better lateral iso-
lation of each storage site and high density of states.! For charge
storage in NVM devices,' NPs such as Pt, Ag and Au, embed-
ded in dielectric layers, have been used, out of which Pt has
been explored extensively.”!* In a metal based single electron
transistor, the metal NPs are separated from the gate material

by a thin layer of dielectric.> In order to accomplish better de-
vice performance, an adequate fabrication method, which can
precisely control the NPs’ size and surface areal density, as well
as the dielectric thickness, is highly important. One technique
that can fulfill this requirement is atomic layer deposition
(ALD)." ALD is a vapour phase deposition technique that re-
lies on sequential, self-limiting surface reactions, which enable
a conformal deposition of the materials on complex 3D mor-
phologies.'® Recently, Orak et al. demonstrated the use of ALD
for the successful deposition of ultra-small Pt NPs, as a charge
trapping layer in thin film flash memory devices.!!

It is well known that the sensing ability of SMOs can be
greatly enhanced by noble metal doping. Pt doped In,Os is one
of the most interesting candidates among noble metal-doped
SMOs. Pt doping in In,Oj3 sensors improves their performance
in terms of sensitivity, response and recovery time.? Inyawilert
et al.* successfully synthesized Pt doped In,Os nanoparticles by
single-step flame spray pyrolysis and found that 0.5 wt% Pt
doping in In,Os3 nanoparticles gave a significant enhancement
towards NO, sensing along with a remarkable NO, selectivity
amidst NO, H»S, C;HsOH, and H,. Pt doped In,O3 composites,
synthesized by Rui-Juan et al. using an impregnation method,
showed excellent formaldehyde sensing performance,’ with 1
at% Pt-In,O3 composites having the best sensing performance.
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Recently, Liu et al.® prepared mesoporous nanofibers of Pt
loaded In,O; by electrospinning and subsequent reduction.
They found that Pt enhanced the sensing performance towards
NO, down to ppb level, which was attributed to the chemical
sensitization and catalytic properties of well-dispersed Pt NPs.

The aforementioned performance enhancement relies on the
fact that the sensitivity of a SMO gas sensor is determined by
the efficiency of the catalytic reactions that occur on its surface
with the gas under detection.'®!” Noble metals, being highly ef-
ficient catalysts, can enhance the reactions on gas sensor sur-
faces'” by 1) decreasing the activation energy of those sensing
reactions,'®!® 2) increasing the electron transfer rate*® and 3)
providing more specific adsorption sites for oxygen,?'™? all of
which are beneficial to the gas sensing performance.?® These in
turn depend on the atomic level distribution and electronic state
of the noble metal dopant in SMOs. Therefore, it is crucial to
have synthesis methods that can precisely control the composi-
tional and structural configuration of the dopant. Even though
Pt doping in In,O; using different methods has frequently been
reported,>%2728 there are few reports focusing on the control of
the exact chemical and structural nature of Pt within the oxide
matrix. ALD, one of the techniques that offer atomic level con-
trol on material deposition, can be used as a potential tool in this
regard.

Noble metal ALD on metal oxide surfaces often follows a
nucleation controlled growth mechanism and results in the for-
mation of nanoparticles during the early stages of the
growth,”* which has been a topic of interest in the recent
years. For example, Pt ALD using MeCpPtMe; and O, gas has
been extensively investigated,***® which follows a combustion
type reaction mechanism and results in the formation of Pt NPs
during the initial cycles.>*¥ As the ALD process proceeds, the
Pt NPs grow by different mechanisms such as NP nucleation,
diffusion of adatoms and coalescence.**3* It is also demon-
strated that during Pt ALD the reactant pulse (O or O3) leaves
behind PtO, species®'*? on the surface, which enable the NP
growth through Ostwald ripening. *Recently, Dendooven et al.
demonstrated how the size and morphology of Pt nanoparticles
can be tuned by combining different Pt ALD processes using
different reactants.’® The island growth mode in Pt ALD has
been widely exploited for the synthesis of well-dispersed noble
metal nanoparticles for applications such as catalysis and gas
sensing. Researchers have also demonstrated the effective use
of ALD for the synthesis of doped metal oxides**** and metal
NPs embedded in an oxide matrix.*#

In this paper, we report an efficient way of preparing both
noble metal (Pt) doped In,O; thin films as well as In,O; thin
films with embedded Pt NPs, using a supercycle ALD ap-
proach. Figure 1 demonstrates the basic principle of the syn-
thesis method. Pt/In,Os films with different Pt loadings were
deposited on planar Si substrates covered with native SiO,
(Si0,/Si) substrates using different supercycles. Each supercy-
cle consists of n; cycles of In,O3 and n; cycles of Pt ALD, and
the supercycle is repeated n times such that the total number of
Pt ALD cycles (n*n,) remains the same for all samples. The re-
sulting samples of Pt embedded in an In,O3; matrix are charac-
terized chemically and structurally using a variety of X-ray
based techniques, such as X-ray fluorescence (XRF), X-ray dif-
fraction (XRD), X-ray absorption spectroscopy (XAS), Graz-
ing-Incidence Small-Angle X-ray scattering (GISAXS) and
High Angle Annular Dark Field Scanning Transmission Elec-
tron Microscopy (HAADF-STEM), combined with Energy Dis-

persive X-ray Spectroscopy (EDXS). In addition to giving val-
uable information on the dopant distribution and its chemical
state, which provides strategies for fine-tuning the properties of
doped metal oxides, the information obtained from these tech-
niques also yields unique insight in the nucleation stage of Pt
ALD.

S
(0\‘
FQ
S n=>5
n, cycles -
of ln203 't|:

Pt clusters

Figure 1. Schematic outline of the supercycle ALD approach for
the controlled doping of Pt into the In2O3 matrix.

EXPERIMENTAL

ALD synthesis: All depositions were performed at 150 °C,
in a home-built cold-wall ALD chamber.*#¢ In,O; and Pt were
deposited using alternating exposures of In(TMHD); (99 %,
Strem Chemicals) and O, plasma for In,O; ALD* and
(MeCp)PtMes (99 %, Strem Chemicals) and O3 for Pt ALD. >
Ar with 99.999 % purity was used as a carrier gas for all pre-
cursors. O3 was produced from a 99 % O,/N, mixture with an
AC-2025 (IN USA Inc.) generator, resulting in an O3 concen-
tration of 200 pg/ml. A typical In,O3 ALD cycle lasted 20 s with
5 s pulse time for both the precursor and reactant, and 5 s pump-
ing after each pulse.*’ For Pt ALD, a static exposure mode was
applied during both ALD reactions, resulting in a total cycle
time of 50 5.2484

Material characterization: XRR and XRD measurements
were performed using a Bruker D8 diffractometer™®*! with Cu
Ko radiation. XRF measurements were performed using a
Bruker Artax system with a Mo X-ray source (at an angle of 45°
with the sample surface) and a silicon drift detector placed at an
angle of 52° with the sample surface. The fluorescence signal
was integrated over a period of 100 s. XAS measurements were
performed at the SAMBA beamline of the SOLEIL synchrotron
(Saint-Aubin, France) operating at 450 mA. All experiments
were performed in fluorescence mode at the Pt Ly edge (E =
11564 eV) using a 35-element Ge detector (Canberra). A Pt foil
and PtO, powder pellet were used for reference measurement in
transmission mode, to prevent self-absorption. XAS data reduc-
tion and analysis were executed with the Demeter 0.9.13 soft-
ware package by following the methodology of Koningsberger
et al.>

GISAXS measurements were performed at the SixS beamline
of the SOLEIL synchrotron. The samples were irradiated with
12.0 keV X-rays at an incidence angle of 0.5°. The 2D GISAXS
patterns were acquired with a Dectris Eiger 1M detector, posi-
tioned at a distance of approximately 1.05 m from the sample,
with an acquisition time of 60 s.

Cross-sectional samples for HAADF-STEM were prepared
by an initial mechanical polishing, using an Allied Multiprep
system with diamond-lapping films, down to a thickness of ap-
proximately 20 pm, followed by Ar+ ion milling by using a
Leica EM RES102 apparatus, with acceleration voltages up to
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4 kV and incident beam angles between 6° and 11°. Low and
high magnification HAADF-STEM images and EDXS ele-
mental maps were acquired using an aberration corrected cubed
FEI Titan electron microscope operated at 300 kV, equipped
with the ChemiSTEM system.>® A probe convergence semi-an-
gle and a detector collection inner semi-angle of 21 mrad and
55 mrad, respectively, were used for image acquisition.

RESULTS

Two series of samples have been prepared (Table 1): in series
A, the number of Pt ALD cycles in the supercycle was limited
to np = 1, while varying the number of In,Os cycles n; from 1 to
30, theoretically resulting in In,O3 thicknesses of 0.14 to 4.2 A,
based on the In,O3; growth per cycle of 0.14 A. In series B, the
number of Pt ALD cycles n, was varied from 1 to 30, while
keeping the number of In,O; cycles n; at 30. For all depositions,
the value of n was chosen so that the total number of Pt ALD
cycles equals 60, i.e. n*n, = 60. The total thickness and the com-
position (Pt at%) of the films were determined by using an XRF
based calibration curve (Figure S1). While the next sections
discuss a profound investigation of the Pt structure and chemi-
cal nature within the composite films, it is worth mentioning
that the In XRF counts obtained for the resulting samples were
in accord with the total number of In,O; cycles, suggesting the
absence possible influence of Pt on In,O3; ALD growth, in con-
trast to previous detailed research on the nucleation of Al,O3
ALD on Pt where an enhanced growth was observed during
very first cycles.™

Table 1. Sample details. The error value in the brackets shows the
standard deviation in the Pt at% across 3x4 cm? sample determined
by performing XRF measurements across 5 points.

Sample Supercycle thFiI:lltr?:ss Pt at%
(n1 In203 + n2 Pt)*n (nm)
Series A| Al 30+1)*60 275 1.9(£0.2)
A2 (20 + 1) * 60 194 2.5(£0.3)
A3 (10+1) *60 11.7 6.8 (£0.7)
A4 G +1)*60 8.4 18.3 (x1.7)
AS (1+1)*60 72 59.4 (£2.8)
Bl 30+ 1) *60 275 1.9 (+0.2)
B2 (30+2)*30 159 4.9(+0.7)
SeriesB| B3 30+4)*15 11.1 16.4 (= 1.6)
B4 (30+10) *6 7.7 27.6 (£1.6)
B5 (30 +20) *3 6.3 59.9 (£3.0)
B6 (30 +30) *2 6.4 70.7 (£3.1)

The crystalline nature of the samples was examined using
XRD. Figure 2a and 2b show the XRD patterns of the samples
in series A and B respectively. In both series, the diffraction
peaks corresponding to In,O3 (222) (PDF 44-1087) are not vis-
ible for the samples with very low amount of In (i.e. high at%
of Pt: sample A5, B4 —B6), since it lies below the XRD detec-
tion limit. In series A an intense diffraction peak corresponding
metallic Pt (111) (PDF 87-0646) is observed for the sample with
only 1 InoO3 ALD cycles (AS5). The intensity of the metallic Pt
peak decreased with increasing number of In,O3; ALD cycles,
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disappearing from 10 In,O3; ALD cycles onwards. In series B,
for only a few Pt ALD cycles, the XRD patterns show no peaks
corresponding to metallic Pt (Figure 2b). The Pt peak starts to
appear from 4 Pt ALD cycles onwards, indicating the presence
of crystalline metallic Pt with increasing number of Pt ALD cy-
cles. The nature of Pt for the samples with low at% Pt remains
to be resolved as there are no Pt diffraction peaks visible: does
this indicate the absence of crystalline Pt or is it just below the
XRD detection limit? To answer this question, XAS measure-
ments were performed at the Pt Ly edge.

In Figure 3a, the X-ray absorption near edge structure
(XANES) spectra of the multilayer samples in series A are de-
picted together with the spectra of bulk Pt® and Pt*™O, refer-
ences. The absorption edge of samples A1 — A3 are very close
to each other and above oxidised Pt. As the number of In,Os
cycles decreases, the Pt edge energy shifts downward. In addi-
tion to the edge position, the white line height (WLH) (Figure
3b) provides a measure for the density of unoccupied 5ds,, states
to which 2ps» core-electrons are excited, and thus for the oxi-
dation state of Pt. The WLH of samples Al - A3 exceeds the
one of PtO,, showing that the Pt 5d valence band is strongly
depleted in valence electrons compared to Pt in PtO,. This im-
plies that electron withdrawal from Pt by the In oxide surround-
ing is more significant compared to Pt in PtO,, in accord with
previous reports of Pt-doped SnO; oxides.™ A steady decrease
in the WLH of Pt is then observed for the samples A4 and AS,
evolving to an oxidation state close to metallic Pt for sample
AS5. Figure 3b shows the evolution of the white line height of
Pt as extracted from XANES, which indicates that for a super-
cycle comprising only a single Pt ALD cycle, the WLH of Pt
increases from WLHp, to beyond WLHp02, with an increasing
number of In,O3 cycles. As the number of In,Oj; reaches 10, Pt
is maximally oxidized. For the samples with 5 In,O3; ALD cy-
cles, XANES shows the presence of oxidised Pt, while the XRD
measurement shows the presence of peaks corresponding to me-
tallic Pt (Figure 2a). These results suggest the existence of me-
tallic Pt clusters with an oxidised outer surface.

Complementary extended X-ray absorption fine structure
(EXAFS) data allow a structural refinement of the local envi-
ronment around Pt (Figure 3c¢). Qualitative analysis of the spec-
tra for samples A1 — A3 shows peaks corresponding to the Pt-O
bond. The absence of clear peaks in the higher R range indicates
their atomically dispersed and disordered nature, which ex-
plains the absence of XRD peaks corresponding to Pt oxides in
these samples (Figure 2a). With even less In,O; cycles, the Pt-
O amplitude decreases, with a subtle, but significant appearance
of Pt-Pt peaks (A4). Finally, a complete depletion of Pt-O bonds
occurs for sample A5, along with the appearance of a strong Pt
fce structure (R >3 A). Quantitative analysis of the EXAFS data
with a Pt—Pt and Pt-O shell yields good agreement with the ex-
perimental signal (Figure 3d), which reveals that the Pt-Pt co-
ordination number (Np.p) is O for the samples with 30 — 10
In,O3 ALD cycles (A1 —A3), indicating no Pt cluster formation.
For samples A4 and A5 the Pt-Pt coordination number steadily
increases, showing that more pronounced Pt cluster formation
is occurring with decreasing number of In,O; cycles. These ob-
servations are in full accord with the results obtained from XRD
measurements (Figure 2a).

Similarly, the XAS measurements for series B corroborate
the observations made by the XRD measurements that no me-
tallic clusters are formed for a low number of Pt ALD cycles
and cluster formation is initiated for an increasing number of Pt
ALD cycles per supercycle. The XANES spectra (Figure 4a)
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Figure 2. (a, b) XRD patterns of the samples in series A and B.

clearly show the presence of highly 5ds, electron depleted, ox-
idised Pt up to 2 Pt ALD cycles per supercycle, as indicated by
their WLH which is higher than PtO,. The WLH then gradually
decreases with increasing number of Pt ALD cycles and the ox-
idation state Pt reaches 0 as the number of Pt cycles reaches 20,
which fully agrees with the observations made by Filez et al..*
For the samples with 4 and 10 Pt ALD cycles, the combined
data from XANES and XRD suggest the existence of metallic
Pt clusters with an oxidised outer surface, leading to both Pt fcc
Bragg diffractions in Figure 2b as well as an average oxidation
state intermediate to Pt and PtO,. Particularly, with increasing
number of Pt cycles per supercycle, this oxidized surface frac-
tion decreases, resulting in a decreasing average Pt oxidation
state observed in XANES. Qualitative analysis of the EXAFS
spectra (Figure 4¢) shows peaks corresponding to Pt-O bonds
only for the samples with 1 and 2 Pt ALD cycles, which then
diminish as the Pt-Pt bond becomes more prominent with in-
creasing number of Pt ALD cycles. A quantitative analysis of
the data further confirms this observation, as can be seen in Fig-
ure 4d.

The particle morphology and cluster evolution were charac-
terized by GISAXS measurements. The acquired GISAXS pat-
terns for samples in series A and B are shown in Figure 5a and
b, respectively. The number of scattering minima and maxima
along q,, at gy = 0 nm', is directly related to the thickness of the
samples, with the highest number of minima and maxima for
the thickest layers as measured by XRF. More interestingly, the
presence of a scattering maximum along the qy direction indi-
cates the formation of Pt clusters in the film.® In series A, there
are extra scattering peaks visible along the qy direction, when

the number of In;O; cycles is below 10. This appearance indi-
cates that the Pt deposited in subsequent ALD supercycles in-
teract with each other and form clusters. For more than 10 cy-
cles of In,O;, the deposited Pt species get coated and covered
by In,Os, effectively burying them and preventing interaction
with Pt species deposited during the next supercycle. In the case
of series B, the patterns clearly reveal that Pt cluster formation
occurs with increasing number of Pt ALD cycles. The interfer-
ence maximum at qy # 0 nm™' is indicative of the presence of
clusters in the films. The qgy-position of the maximum, qymax,
provides an estimate of the average lateral distance between the
clusters (center-to-center) by applying the 21/qym.x approxima-
tion.*¢ Figure S3a and b show the horizontal line profiles
taken at the q,-position of the scattering maximum. Figure 5S¢
and d display the 2m/qymax values extracted from these profiles
as a function of the number of In,O3 and Pt ALD cycles per
supercycle in series A and B, respectively. The analysis reveals
a shorter center-to-center distance between the metallic Pt clus-
ters in sample A4 (ca. 5.5 nm) than in sample A5 (ca. 7.0 nm).
This together with the appearance of higher order interference
maxima along qz only for sample A5, suggests the presence of
relatively smaller clusters in A4. Hence, already 5 ALD cycles
of Iny03 (~0.7A) partially prevent the Pt nuclei from interacting
with each other, thus hindering their clustering. In series B, the
center-to-center distance between the Pt nanoclusters increases
with the number of Pt ALD cycles per supercycle. Knowing that
the Pt loading also increases, this result indicates that larger
clusters are formed when more Pt ALD cycles are applied, as
expected. The increase in center-to-center distance with the
number of Pt ALD cycles is in line with the results obtained by
Dendooven et al., who recorded GISAXS patterns as a function
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and B1 are the same.

of the number of Pt ALD cycles with O, as co-reactant on a SiO,
surface and observed a gradual increase in the inter-cluster dis-
tance.*® Note that the ALD cycle number for which GISAXS
indicates cluster formation in series A and B corresponds to the
cycle number for cluster formation obtained from the XAS
characterization.

To further confirm the formation of metallic Pt clusters ver-
sus uniform intermixing of oxidised Pt in the In,O3; matrix, two
samples (B2 and B4) were selected for HR-STEM investiga-
tion, in which B2 is expected to have a uniform distribution of
PtOy in the In,O3; matrix, while metallic Pt cluster formation is
expected in the case of B4. As visible in the HAADF-STEM
image (Figure S4), the thickness of each sample was uniform,
approximately 16 and 8 nm for B2 and B4, respectively, which
is in close agreement with the thickness estimated using the
XREF calibration [Table 1]. HR-STEM images evident the ab-
sence of crystalline Pt clusters in sample B2, suggesting a uni-
form distribution of Pt throughout the In,O3 matrix (Figure 6a).
The STEM image also confirms the presence of crystalline
In,Os3 (inset Fourier Transform (FT) pattern of Figure 6a). In
the case of sample B4, metallic Pt clusters (inset of Figure 6b)
surrounded by thin layers of In,O; are observed with an average
inter-cluster projected distance of ca. 5 nm (Figure 6b), which
is in line with the result obtained from the GISAXS measure-
ment. The EDXS elemental maps further corroborate the pres-
ence of a uniform mixture of Pt/In,O; and metallic Pt clusters
for sample B2 and B4, respectively. The quantification of the
EDXS maps revealed a Pt at% of ca. 6.6 and 26.3 for samples
B2 and B4 respectively, which is in accordance with the values
obtained from XRF calibration.

Well-separated metallic Pt clusters, along the vertical direc-
tion, were obtained by depositing a thicker variant of sample B4
(B4-T), by increasing the number of In,Oj; cycles to 120, while
keeping the number of Pt ALD cycles the same [6%(120 cycles
In,O3 + 10 cycles Pt)]. The HR-STEM image of the sample

(Figure 6¢) clearly shows 6 layers of metallic Pt clusters em-
bedded in an In,Os; matrix, with each layer separated by ca. 1.5
— 2 nm of In,Os, which is equal to the expected thickness of an
In,Os5 film resulting from 120 ALD cycles. This shows the ca-
pability of the presented method to fine-tune the vertical dis-
tance between embedded metallic clusters, simply by changing
the number of ALD cycles of the oxide per supercycle, which
is of great importance for applications such as metal based sin-
gle electron memory devices.

DISCUSSION

The performance enhancement of (noble) metal doped metals
oxides relies on a number of parameters such as size, composi-
tion, oxidation state and distance between the noble metal par-
ticles etc., depending on the envisioned applications. The pro-
posed method enables controlled doping of Pt/PtOy species in-
side the In,O3; matrix with the ability to fine-tune their chemical
and structural properties. Here, with the help of XRD and XAS,
we show that by varying the number of either In,O3 (series A)
or Pt (series B) ALD cycles in a supercycle, the oxidation state
of the Pt dopant can be changed from +4 to 0. Figure 7a and b
represent an overview of the results obtained from XRD, XRF
and XAS analysis, for the samples in series A and B, respec-
tively. Figure 7a shows that, for samples containing 1 Pt ALD
cycle per supercycle, the Pt XRF counts (left Y-axis, green cir-
cles) decrease when more In,Oj; cycles are incorporated. This is
not surprising, as the Pt ALD process starts with a nucleation-
controlled growth mode®*~’ and its growth occurs selectively on
noble metals over oxides.” In a typical Pt ALD process on an
oxide surface, nuclei are formed during the initial cycles, which
enhance the growth during subsequent ALD cycles, until a
steady state growth is achieved. Here, the In,O; film grown in
between and on top of the initial Pt deposits prevents the inter-
action with incoming precursor molecules during the next Pt
ALD cycle, and thus delays the growth. The more In,O; cycles
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Figure 6. (a,b) HAADF-STEM images and the corresponding EDXS elemental maps of In and Pt for cross-sections of samples B2 and B4,
respectively. From the Fourier Transform (FT) patterns, given as insets in figures 6a and b, which are obtained from the regions indicated
by the white rectangles, the presence of crystalline In2O3 and Pt respectively is clear. (¢) HAADF-STEM image and the corresponding EDXS
elemental maps of In and Pt for sample B4-T and (d,e) high resolution HAADF-STEM images from different thin locations of sample B4-
T, showing the presence of crystalline metallic Pt clusters (e) surrounded by crystalline In2Os (d), indicated by the white rectangles. Schematic
illustration of the structural configuration of (f) uniformly mixed PtOx/In203, (g) metallic Pt clusters and (h) metallic Pt clusters with in-

creased vertical spacing, as interpreted from STEM images.

are incorporated, the slower the observed growth of Pt, as sug-
gested by the decrease in Pt XRF counts. The value of Pt XRF
counts reaches a minimum with 10 In,O3; ALD cycles and stays
constant afterwards, suggesting that 10 In,O3 ALD cycles (~1.4
A thick In,O; film) are enough to cover the initial nuclei com-
pletely, preventing their interaction with Pt deposited in the next
supercycle and keeping them in their oxidized state (increased
WHL, right Y-axis, blue circles) without the formation of me-
tallic Pt clusters, as suggested by a decrease in the Pt (111) XRD
peak intensity (left Y-axis, red circles) and the Pt-Pt coordina-
tion number (right Y-axis, orange circles).

In series B, the number of In,Os cycles was set to 30, aiming
to prevent major interaction between the Pt species deposited in
subsequent supercycles. In these samples, an increase in the Pt
XRF counts was observed with increasing number of Pt ALD
cycles per supercycle (Figure 7 b), as expected. The figure also
shows the shift from fully oxidized to metallic Pt, with increas-
ing number of Pt ALD cycles, as revealed by an increase in the
Pt (111) XRD peak intensity and Pt-Pt coordination number as
well as a decrease in the WHL. This observation is in line with
the results obtained by Filez ef al., on the nucleation behavior
of the O3 based Pt ALD process,32 where initial nucleation starts
with the formation of PtOy entities. As the number of ALD cy-
cles increases, these PtOy species interact with each other re-
sulting in the formation of metallic Pt clusters.

In conclusion, for the samples with fully reduced Pt (0), high
resolution HAADF-STEM, XRD and GISAXS together show
the formation of metallic clusters embedded in an In,O3 matrix.
On the other hand, a uniform mixture of dispersed PtOy within
crystalline In,O3 was obtained for samples with fully oxidised
Pt. For samples A4, B3 and B4, XRD and XAS together suggest
the formation of metallic Pt clusters with an oxidised outer sur-
face. Figure 7(c-e) schematically represents the formation of
different flavours of Pt species inside the In,Os; matrix, by
changing the number of either Pt or In,O3 ALD cycles per su-
percycle. Thus, this method allows the controlled engineering
of the Pt-In,O; compositional and structural configuration, by
adjusting the ALD supercycles. Further, this approach can also
be extended for the synthesis of other metal-metal oxide sys-
tems, either by replacing In,Os with other metal oxides or by
replacing Pt with other noble metals such as Pd,®® Ag®!' and
Au,%% where a nucleation controlled growth is observed.

In addition, this method paves a way for studying the nucle-
ation stages of (noble) metal ALD processes, which is desirable
for the synthesis of well-designed nanoparticles. Although Pt
ALD using (MeCp)PtMe; and an oxidizing reactant has been
investigated by several researchers, most of these studies fo-
cused on the steady growth rather than on the nucleation
stages.% Moreover, they report mainly on the influence of ei-
ther the chemical nature or crystalline state of the substrate®’-*
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Figure 7. Variation of Pt XRF counts (green), Pt (111) XRD peak intensity (red), Pt L edge white line height (blue) and Pt-Pt coordination
number (orange) with: (a) the number of In2O3 ALD cycles, per supercycle with 1 cycle of Pt ALD and (b) the number of Pt ALD cycles,
per supercycle with 30 In2O3 ALD cycles. (¢-e) Schematic illustration of the structural configuration of (¢) uniformly mixed PtOx/In203, (d)
metallic Pt clusters with oxidised outer surface and (h) fully reduce metallic Pt clusters.

or the partial pressure®® or the type of reactants, on the nucle-
ation behaviour. Only a few studies have investigated the exact
nature of Pt in the early nucleation stages, such as oxidation
state, crystalline nature, size and dispersion of the platinum na-
noparticles.3!*2

Since the amount of growing material is very low, the inves-
tigation of the nucleation often demands the use of high surface
area supports such as powders®"’*"! or mesoporous silica’? or
the use of a dedicated complex set up to carry out in situ inves-
tigations.’? Here comes in the advantage of the proposed multi-
layer approach: it enables such characterization on conventional
planar silicon substrates, which are commonly used in the field
of ALD. By performing the Pt and In,O3 ALD process sequen-
tially, a particular nucleation stage in the Pt growth process can
be preserved in a thin oxide matrix. By repeating the supercycle,
a collection of this particular state can be obtained, which can
provide a reasonable measurement signal. This makes charac-
terization of even a single Pt ALD cycle feasible with tech-
niques such as XAS, GISAXS, etc.. The XRD measurements
together with the XAS results reveal the presence of highly ox-
idised dispersed PtOy at the beginning of the ALD process, up
to 2 Pt ALD cycles, which is in line with observations made by
Christensen et al. on high surface area powder.?' As the number
of cycles increases, the oxidation state of Pt gradually decreases
and results in the formation of larger species with a metallic Pt
core surrounded by a PtOj shell, as revealed by XRD and XAS
measurements, respectively. Finally, with 20 Pt ALD cycles,
fully reduced metallic Pt clusters are formed, which is in accord
with the in situ nucleation study by Filez et al..>* The present
study also reveals that interaction between the already deposited
PtO, nuclei and the subsequent Pt precursor pulse can be pre-

vented by coating the nuclei with a certain number of In,O; cy-
cles. This enables isolating particular nucleation stages of Pt in
their as-deposited states. The formation of metallic clusters with
increasing number of Pt ALD cycles, as well the prevention of
cluster formation by applying In,O3 ALD cycles are confirmed
with GISAXS measurements. HAADF-STEM measurements,
combined with EDXS data further confirmed the uniform dis-
tribution of Pt in the In,O3 matrix during the initial nucleation
stages and the formation of crystalline Pt with higher number of
Pt ALD cycles.

CONCLUSION

This work demonstrates the controlled doping of Pt, both
from a compositional and structural point of view, within a
metal oxide matrix, using an ALD supercycle approach. Control
over the average Pt oxidation state and Pt morphological nature
(from uniform doping to embedded Pt clusters) is obtained by
simply tuning the number of either In,O3 or Pt ALD cycles in a
supercycle. A systematic study using advanced characterization
methods, such as XRD, XAS, GISAXS and HAADF-STEM
combined with EDXS, furnished detailed insight into the elec-
tronic state and structure of Pt dopants inside an In,O3 matrix.
The investigations show that the oxidation state of Pt gradually
shifted from +4 to 0 with increasing number of Pt ALD cycles.
For only few Pt ALD cycles per supercycle, the PtOx species
are evenly distributed in the metal oxide matrix without the for-
mation of clusters. For a larger number of Pt ALD cycles per
surpercycle, fully reduced metallic Pt is obtained, in the form of
Pt clusters. In addition, this multilayer approach allows charac-
terization of the nucleation stages of metal ALD processes, by
freezing those states through embedding and stacking them
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multiple times. This allows use of XAS and other techniques to
study even a single metal ALD cycle, without the need for the
use of high surface area supports. In conclusion, this strategy
opens up new opportunities for the controlled doping with met-
als, in general, and at the same time for the advanced study of
nucleation stages of different (noble) metal ALD processes.
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