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Advanced Atomic Layer Modulation Based Highly
Homogeneous PtRu Precious Metals Alloy Thin Films

Yeseul Son, Sang Bok Kim, Debananda Mohapatra, Taehoon Cheon, and Soo-Hyun Kim*

Atomic layer modulation (ALM) presents a novel approach for controlling the
stoichiometry of platinum-ruthenium (PtRu) alloys rather than a tedious
atomic layer deposition (ALD) supercycling multielement ALD process. This
method sequentially pulses dimethyl-(N,N-dimethyl-3-butene-1-amine-N)
platinum (CzH,oNPt, DDAP) and tricarbonyl(trimethylenemethane)ruthenium
[Ru(TMM)(CO);] precursors with O, as a counter reactant at 225 °C to
produce ALM-PtRu bimetallic alloys at the nanoscale. By smartly adjusting
precursor pulsing times and temperatures, the average surface composition
during growth can be modulated, achieving precise control over the PtRu alloy
stoichiometry. Aberration-corrected ultra-high-resolution scanning
transmission electron microscope, Rutherford backscattered spectrometry,
and advanced X-ray diffraction analytical tools demonstrate homogenized Pt
and Ru elemental distribution without localized segregation with adjustable
Pt:Ru ratios ranging from 28:72 to 97:3. Demonstrating ~100% step coverage
on the high aspect ratio (~30) 3D trench structures (top width of 125 nm,
bottom width of 85 nm), the alloy maintains uniform thickness (<30 nm)
throughout its layers. ALM-PtRu demonstrates durable and superior
electrocatalytic performance compared to benchmark precious metal catalysts
like ALD-Pt and ALD-Ru. This study highlights ALM’s potential for precise

1. Introduction

Thin film alloys have enhanced physico-
chemical electrical properties compared to
their single metallic component, eliminat-
ing the limitation of single atoms/elements.
Specifically, they have higher strength and
durability than single metals and are more
corrosion and abrasion-resistant in high-
temperature environments.[!] These alloys
can increase reaction kinetics and selec-
tivity when used as catalysts, facilitating
efficient reactions in the electrochemical
water-splitting process for a sustainable
hydrogen economy.[’! Additionally, given
the current downsizing of electronic de-
vices, especially for the CMOS technol-
ogy, impurity-free, homogeneous, atomic-
scale binary precious metal alloys are
required for gate electrode applications
to control the electrode work function.]
These bi-metallic thin films would be
essential components in advanced elec-

alloy stoichiometry in PtRu films, offering significant promise for various
applications, particularly electrocatalysis, and extending ALM to other metallic

alloy systems.
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tronic architectures,!*! where precise con-
trol over film thickness and uniform cov-
erage on complex, high-aspect-ratio struc-
tures is critical for ensuring reliable elec-
trical characteristics.® ALD is an indus-
trially preferred method for fabricating
these thin films, enabling precise control of atomic thickness and
composition, credited to their self-limiting surface reactions by
sequentially exposing precursors and reactants to a surface.l®’
ALD has the potential to make alloys using the supercycle con-
cept, where two or more ALD processes are used sequentially and
repeatedly to form compound or alloy films. By adjusting the ratio
of individual ALD cycles, called subcycles, the composition of the
deposited alloy thin film can be controlled, which in turn allows
for the regulation of the resulting alloy thin film’s properties and
performance.”! Particularly in the case of forming metal alloys,
two or more metal ALD processes are performed alternately, al-
lowing for the adjustment of the ratio of specific metals or the
creation of the desired alloy composition and homogeneity.®!
However, since each metal is deposited through independent
ALD sub-cycles, there is a possibility that the metals are initially
stacked nano-laminate structure in a spatially separated manner,
which may hinder the formation of a homogeneous atomic al-
loy structure on later stagel®! As a result, post-deposition anneal-
ing or elevated processing temperatures are often required to
promote interdiffusion and alloying. In addition, the need to re-
peat separate ALD cycles for each precursor leads to prolonged
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process times and increased precursor consumption, thereby re-
ducing the overall efficiency of the supercycle approach. There-
fore, the ALM method is proposed to form a single-layer multi-
component thin film by sequentially pulsing two precursors and
then reacting with only one reactant to overcome these limita-
tions. The core concept of ALM is that the composition ratio is
determined by the two precursors’ steric hindrance and chemi-
cal reactivity based on the ligand size and adsorption sites. This
ALM method mixes two or more types of elements on the tar-
get surface so it can deposit a uniform, homogeneous alloy at the
atomic scale. A technique to form thin films of oxide alloy using
ALM was recently proposed. For RuAlO thin films, the composi-
tional differences were observed according to the pulsing order
of two precursors with different ligand/precursor sizes. Chang-
ing the pulsing order of the precursors significantly altered the
(Al/(Al+Ru)) ratio from 31% to 89%.['% Similarly, in the case of
ZrH{fO, thin films, varying the precursor pulsing sequence re-
sulted in distinct compositions, with the Zr/(Zr+Hf) ratio chang-
ing from 66% to 54%.!") These compositional variations were ex-
plained by differences in surface chemical adsorption and steric
effects, highlighting the critical role of precursor pulsing order
in determining film composition. Another approach for control-
ling composition is to adjust the relative amount of adsorbed pre-
cursors, especially when the precursors are similar in size. Key
parameters in this process include precursor pulsing time or ex-
posure time. Increasing the precursor pulse time allows more
precursor molecules to be injected, which increases the amount
adsorbed on the surface.['?! In addition, the exposure time is re-
lated to the time that the precursor remains on the surface and is
controlled by factors such as the pressure inside the chamber and
the precursor concentration."¥ The Langmuir adsorption model
can be used to predict the surface saturation state, and based on
this, the exposure time can be set so that a specific element is
fully or partially adsorbed on the surface. This way, various com-
position ratios can be implemented by controlling the surface
saturation and unsaturation state. Another method for compo-
sition control involves adjusting the precursor vapor pressure.
Notably, the vapor pressure is a significant factor determining
how easily the precursor vaporizes, affecting the rate at which the
precursor reaches the surface and the amount of adsorption.'
The precursors with high vapor pressure readily volatilize, rapidly
diffusing within the chamber and reaching the surface. This
allows the precise control of the composition and homogene-
ity of compounds and alloys to be controlled in the ALM
process.

This study strategically adopts a PtRu model system for the
ALM process, as Pt and Ru processes have been actively ad-
dressed in ALD research due to their unique physicochemical,
electrical, and electrochemical properties. For instance, Pt has
been widely used in fuel cells, electrochemical sensors, hydro-
gen production systems, etc., due to its excellent catalytic proper-
ties and durability, and much research intended to improve the
catalytic activity and uniformity of thin films.'> On the other
hand, Ru has been studied for its high electrical conductivity, ox-
idation resistance, and benchmark catalytic activity even at low
temperatures.[') By combining the advantages of these individ-
ual precious metals, ALM-PtRu alloys can simultaneously ex-
hibit the synergetic properties of both materials. In the current
ALM process, Pt and Ru precursors are alternately used, react-
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ing with a single oxygen reactant to deposit ALM-PtRu films, as
most Pt and Ru ALD processes use oxygen as the reactant in
a typical ALD window of 200~300 °C.I°>'7] Plus, as noble met-
als, Pt and Ru are mainly unaffected by the physical/chemical
state of the substrate, even in high-temperature environments,
enabling consistent thin film deposition on various substrates.!*®!
Due to these intrinsic characteristics, ALM facilitates meticu-
lous regulation of the atomic composition of PtRu films, estab-
lishing it as an appropriate methodology for producing homoge-
neous, high-quality thin films. In this investigation, PtRu films
were synthesized utilizing ALM, wherein the alloy composition
was manipulated by varying the quantity of precursor adsorbed
onto the substrate. Overall, the precursor amount was regulated
through two approaches: varying the precursor pulsing time or
modifying the precursor source temperature. This is schemat-
ically illustrated in Figure S1 (Supporting Information), which
provides a simplified depiction of the process. The formation of
alloy films begins with the exposure of Pt precursor under con-
ditions where its adsorption is deliberately limited—either by us-
ing a short pulsing time or by lowering the source temperature
below its optimal value. This results in a reduced chemisorp-
tion of Pt precursor compared to Ru precursor, promoting the
formation of a Ru-rich alloy. In the subsequent step, Ru pre-
cursor is introduced to the surface, achieving saturation via its
self-limiting chemisorption mechanism. The O, reactant is then
introduced to remove ligands from the chemisorbed species of
both precursors, enabling atomic mixing of Pt and Ru at the
surface and forming a homogeneous alloy film enriched in el-
ement Ru. Conversely, a Pt-rich alloy can be achieved by enhanc-
ing the relative adsorption of the Pt precursor. This is accom-
plished by increasing the pulsing time or optimizing the source
temperature of the Pt precursor to achieve a higher chemisorp-
tion than the Ru precursor. Following this step, the Ru precur-
sor is introduced and allowed to reach surface saturation. Lig-
and removal and subsequent atomic mixing occur through re-
action with the reactant, resulting in a thin film enriched in Pt
element. This process demonstrates the versatility of the ALM
approach, which leverages the sequential and self-limiting nature
of ALD chemisorption to control the composition and uniformity
of alloy films precisely. The resulting ALM-PtRu films were an-
alyzed through density measurements obtained by X-ray Reflec-
tivity (XRR), which exhibited a strong correlation with the com-
position determined via Rutherford Backscattering Spectrome-
try (RBS). Furthermore, consistent deposition of Pt and Ru was
validated across all areas (top, middle, bottom) of a 3D trench
wafer (aspect ratio ~30). Beyond the PtRu system, the current
ALM technique can be broadened to encompass the deposition
of compound and alloy films at the atomic scale, indicating sig-
nificant potential for electrocatalysis and electronic device appli-
cations.

2. Results And Discussion

2.1. Growth Kinetics of ALD-Pt and ALD-Ru Processes
Before the ALM-PtRu process, the self-saturated growth behav-
iors of ALD-Pt and ALD-Ru were evaluated at 225 °C using a fixed

number of 200 ALD cycles. Figure 1a,b show the self-saturated
growth of the film growth as a function of Pt and Ru pulsing
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Figure 1. Saturated and non-saturated growth processes of ALD-Pt and ALD-Ru, and associated self-saturation growth factors. a) Thickness and c) XRD
patterns of ALD-Pt films as a function of Pt precursor pulsing time ranging from 1 to 15 s. b) Thickness and d) XRD patterns of ALD-Ru films as a

function of Ru precursor pulsing time ranging from 1to 15 s.

time, respectively. In the case of Pt precursor, the average film
thickness kept increasing to a pulsing time from 1 to 15 s. How-
ever, when the pulsing time exceeded 10 s, surface saturation
due to a self-limiting reaction occurred, and no significant fur-
ther increase in film thickness was observed (Figure 1a). For the
Ru precursor, the average thickness of the thin films increased
with increasing precursor pulse time from 1 to 3 s, but it exhibits
self-saturated growth behavior above 3 s (Figure 1b). It is crucial
to emphasize that when the precursor pulsing time is short and
the process is performed under nonsaturated conditions, the film
thickness is thinner than that grown under saturated conditions.
This is because the amount of precursor adsorbed on the sur-
face is not sufficiently saturated, and this phenomenon can vary
depending on the vapor pressure of the precursor, equipment
conditions, temperature, and processing pressure. Such unsat-
urated growth is a typical feature observed across all ALD pro-
cesses, including metals, oxides, sulfides, and nitrides.['7<1] In
this context, the difference in self-saturated growth between ALD-
Ptand ALD-Ru can be attributed to the combined effects of vapor
pressure and precursor size. The Ru precursor, with a higher va-
por pressure and slightly smaller molecular size than the Pt pre-
cursor, allows for more rapid and efficient delivery of precursor
molecules to the substrate surface. This allows more Ru precur-
sor to be adsorbed on the surface in a shorter time, facilitating
typical ALD self-limited growth behavior and, thus, faster sur-
face saturation. On the other hand, the Pt precursor with lower
vapor pressure delivers fewer molecules to the surface, result-
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ing in a slower saturation process. Grazing-incidence angle X-
ray diffraction (GIAXRD) analysis was performed (Figure 1c,d)
to investigate the crystallinity of ALD-Pt and ALD-Ru films as a
function of precursor pulsing time. Figure 1c presents the GI-
AXRD patterns of ALD-Pt films deposited with varying Pt pre-
cursor pulsing times. The XRD analysis was conducted within a
20 range of 30°-90° for Pt films grown on SiO,/Si substrates.
The diffraction peaks observed at 26 = 39.76°, 46.24°, 67.45°,
81.29°, and 85.71° correspond to the (111), (200), (220), and (311)
planes of face-centered cubic (FCC) Pt, consistent with the ref-
erence JCPDS data (Ref. No. 00-004-0802). The crystallinity im-
proved with increasing pulsing time of the Pt precursor, espe-
cially in the (111) and (200) directions, which are characteristic
of the dense and close-packed planes in the FCC structure of Pt.
Figure 1d shows the GIAXRD results of ALD-Ru films deposited
with varying Ru(TMM)(CO), pulsing times, also within the 26
range of 30°-90°. The diffraction peaks at 26 = 38.53°, 42.30°,
44.17°, 58.54°, 69.70°, 78.68°, 85.04°, and 86.32° correspond to
the (100), (002), (101), (102), (110), (103), (112), and (201) planes
of hexagonal close-packed (HCP) Ru, by the JCPDS reference
(Ref. No. 01-073-7011). These peaks confirmed the formation of
the HCP-Ru crystal phase and showed similar crystallinity dur-
ing all the Ru precursor pulse times. In this study, Pt, which has
an extended unsaturated region compared to Ru, was introduced
as the first precursor in the ALM process, and the properties of
the ALM-PtRu films were analyzed by adjusting the pulse time
of the Pt precursor to 1, 3, 5, and 10 s (sections 2.2 and 2.3).
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Figure 2. XRD patterns of ALM-PtRu films as a function of Pt pulsing time: a) over the 26 range of 30°-90°, and b) in the 20 range from 35°-50°
highlighting the shift of the Ru peak toward the Pt peak with increasing Pt content. RBS analysis results of ALM-PtRu films as a function of Pt precursor

pulsing time: c) 3-seconds and d) 10-seconds pulsing.

2.2. ALM-PtRu Process via the Control of the Precursor Pulsing
Time

Figure 2a,b show the XRD results of the films grown by the ALM
process as a function of the pulse time of the Pt precursor, which
was provided first during the ALM process. The samples for XRD
analysis include PtRu films deposited with Pt precursor pulsing
times of 1, 3, 5, and 10 s, as well as Pt and Ru films grown by the
ALD process of each metal separately for comparison. For com-
parison, the XRD results of Ru and Pt single metal films grown
by each ALD process are also shown. XRD analysis allows us
to characterize the phase and crystallinity of the deposited films
and understand the effect of the relative amount of two precur-
sors adsorbed on the surface on the phase and crystallinity of the
deposited film. The Pt-Ru binary alloy system exhibits an FCC
solid solution phase up to ~60 at.% Ru, and a HCP solid solu-
tion phase above ~80 at.% Ru.?’! As shown in Figure 2a, the
XRD analysis of the pure Pt film showed a typical FCC structure
(space group: Fm-3m, 225) characterized (111), (200), (220), and
(311) planes, whereas the pure Ru film showed an HCP structure
(space group: P63/mmc, 194) with (100), (002), (101), (102), (110),
(103), (112), and (201) planes. Despite the Pt precursor pulsing
time, deposited films generally exhibited peaks corresponding to
the Pt FCC structure, indicating that the films consist of Pt-Ru
alloy at the nanoscale. Although Pt and Ru have different crystal
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structures (Pt has an FCC structure and Ru has an HCP struc-
ture), the atomic arrangement of the Ru (002) plane is identical
to that of the Pt (111) plane. Therefore, the interplanar spacing of
these planes was used as an indicator of the formation process of
the alloy film, which is shown in Figure 2b. In the pure Ru film,
the (002) peak appeared at 42.2°, whereas in the pure Pt film, the
(111) peak appeared at 39.8°. As the Pt precursor pulsing time in-
creased from 1 to 10 s during the ALM process, one can consider
that the relative amount of Pt precursor absorbed would contin-
uously increase, and the space necessary for the adsorption of
the Ru precursor decreased. Correspondingly, XRD peaks were
shifted to lower 26 angles, moving closer to the Pt (111) peak.
Notably, the film prepared with a 10-second Pt precursor pulsing
time exhibited a peak identical to that of pure Pt. This peak shift
indicates that the Ru and Pt atoms in the deposited films were
mutually substituted in the crystal lattice, forming a solid solu-
tion with a changed lattice constant. This peak shift reflects the
lattice distortion caused by the interaction between Pt and Ru,
suggesting that the two metals were uniformly mixed to form a
homogeneous atomic alloy.>2!]

RBS analysis was performed to determine the precise compo-
sition of the PtRu films prepared by the ALM process. Figure 2¢,d
show the RBS spectra of the Pt 3-, 10-second pulsed PtRu films.
Figure 2c shows the result of the Pt 3-second pulsed PtRu film,
where the backscattering signals of both Pt (%1830 keV) and Ru
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Figure 3. Plan view of ALM-PtRu films showing a) HRTEM images, b) STEM-BF images, and c) EDS mapping images of the ALM-PtRu film deposited

on a SiO, /Si substrate.

(~1700 keV) were observed when the incident He** energy is 2
MeV. The composition ratio of Pt to Ru was 87:13 based on the
analysis results. The density of the ALM-PtRu films was also cal-
culated using the area density, film thickness, and composition
and was found to be 19.64 g cm~3. This value is between the bulk
Pt density (21.4 g cm™3) and the bulk Ru density (12.4 g cm™3),
suggesting Ru incorporation into FCC Pt with the formation of
Pt-Ru homogeneous alloy at the nanoscale. Figure 2d shows the
result of the Pt 10-second pulsed PtRu film. The backscattering
signals of both Pt (%1830 keV) and Ru (~1700 keV) were ob-
served. The backscattering signal of Ru shows a lower normal-
ized yield compared to Figure 2c. The composition ratio of Pt to
Ru was 95:5, according to the analysis results. The density of the
ALM-PtRu film calculated based on the RBS data is 20.65 g cm™3,
which is similar to the bulk Pt density value. Impurity levels were
analyzed using time-of-flight elastic recoil detection (ToF-ERD)
analysis to evaluate the purity of the alloy films. Figure S2 (Sup-
porting Information) shows the results of further characterizing
the impurities such as C and O remaining in the Pt 3-second
pulsed PtRu film and Pt 10-second pulsed PtRu film by ToF-ERD
analysis. The analysis results show that the C and O contents of
the Pt 3 s-pulsed PtRu alloy film are 0.01 at.% and 0.15 at.%, re-
spectively, and those of the Pt 10-s pulsed PtRu alloy film are 0.01
at.% and 0.18 at.%, respectively. Considering that the C and O
contents of the ALD-Ru film using [Ru(TMM)(CO,)] precursor
are 0.01 at.% and 0.03 at.%,!°] respectively, the impurity contents
of the PtRu alloy film are still maintained at a low level. In addi-
tion, negligible impurities were detected in the ALD-Pt film us-
ing DDAP precursor.['”?] This suggests that the characteristics of
impurities observed in the ALD-Pt and ALD-Ru processes were
also reflected in the PtRu alloy films prepared by the ALM pro-
cess, suggesting that the excellent reactivity of both Pt and Ru
precursors with O, as a reactant contributed to maintaining a low
impurity content in the alloy.

We performed plan-view TEM analysis to evaluate the mi-
crostructure and compositional uniformity of the fabricated Pt
1-second pulsed PtRu film (Figure 3). In Figure 3a, the plan-
view high-resolution TEM (HRTEM) image shows a polycrys-
talline structure with well-defined lattice fringes, showing ran-
domly oriented atomic arrangements. The selected area diffrac-
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tion pattern (SADP) in Figure S3a (Supporting Information) ex-
hibits discontinuous spots arranged in concentric rings, a char-
acteristic of polycrystalline materials. These diffraction spots cor-
respond to FCC structure planes such as (111), (200), (220), and
(311), with spacings that reflect the lattice distortion caused by
Pt and Ru alloying. This finding demonstrates that the FCC
structure predominantly persists locally, while the XRD analy-
sis reflects the average structure, indicating peaks between FCC
and HCP phases. The SADP results confirm that the FCC sym-
metry extends over a broader area, suggesting that it is not
confined to localized regions. The scanning transmission elec-
tron microscopy bright-field (STEM-BF) image reveals a clear
contrast among the grains due to variations in orientation and
thickness, highlighting the polycrystalline nature of the alloy
(Figure 3b). This diffraction contrast emphasizes the presence
of randomly oriented nanocrystalline grains, consistent with the
random orientations observed in the SADP. Additionally, BF-
TEM imaging (Figure S3b, Supporting Information) reveals an
average grain size to be ~11 nm. The dark-field TEM (DF-
TEM) image (Figure S3c, Supporting Information) selectively
emphasizes grains satisfying specific Bragg conditions, confirm-
ing the uniform crystallinity and size distribution, as well as
the random orientations and polycrystalline arrangement of the
grains. The high diffraction contrast in the DF-TEM image fur-
ther validates the crystallinity observed in the HRTEM analysis.
The compositional uniformity of the ALM-PtRu alloy was evalu-
ated via STEM energy-dispersive X-ray spectroscopy (EDS) map-
ping (Figure 3c), which clearly shows the homogeneous distri-
bution of Pt (red) and Ru (green) within individual grains. The
EDS mapping results reveal a Pt-to-Ru ratio of ~62:38, high-
lighting the uniform mixing of Pt and Ru at the nanoscale.
Moreover, the EDS-derived composition aligns with the density-
based composition calculated from XRR, reinforcing the relia-
bility of compositional control in the ALM process. This con-
sistency indicates that the Pt and Ru elements maintain uni-
form mixing in terms of both composition and density, con-
firming the formation of a structurally and chemically homoge-
neous alloy. Together, these results validate the successful syn-
thesis of a uniformly alloyed PtRu thin film through the ALM
process.
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Figure 4. a) The density of ALM-PtRu films on SiO, /Si substrate as a function of Pt precursor pulsing time from XRR analysis, with b) the corresponding

Pt and Ru composition calculated from the density measured by XRR.

From the RBS analysis, the correlation between the composi-
tion of alloy films and their densities is apparent because there is
a big difference between the bulk density of Pt and that of Ru. So,
the density of alloy films can be an indicator for the composition
and the compositions of the alloy films can be calculated from
their densities. Figure 4 shows the density of the ALM-PtRu films
according to the Pt precursor pulsing time and the alloy compo-
sition results calculated using it. The density of the films was ob-
tained from XRR analysis at angles above which X-rays start to
penetrate the film. The XRR raw data and their simulation are
shown in Figure S4 (Supporting Information). In Figure 4a, the
density of the Pt 1-second pulsed PtRu film was determined to
be 17.54 g cm~3, which is between the measured bulk Pt density
(20.77 g cm~3) and bulk Ru density (12.36 g cm™). The densi-
ties of the Pt 3-, 5-second pulsed PtRu films were determined to
be 19.77 and 19.87 g cm™3, respectively, from the simulation of
XRR data. These values are higher than that Pt 1-second pulsed
PtRu film because the density increased due to the increase in Pt
content with a higher atomic mass than that of Ru as the Pt puls-
ing time increased. The density of Pt 10-second pulsed PtRu film
was measured to be 20.5 g cm~, which is very similar to the bulk
Pt value. This suggests that the initially pulsed Pt was saturated,
forming an alloy with a minimal Ru content. In Figure 4D, the
composition of the PtRu films was calculated using the density
measured by XRR analysis. The compositions of the PtRu films,
with Pt pulsing times of 1, 3, 5, and 10 s, were determined to be
62:38,88:12,89:11, and 97:3, respectively. The composition calcu-
lated from the XRR-measured density for the Pt 1-second pulsed
PtRu film is 62:38, identical to that obtained from STEM-EDS
analysis (Figure 3c). For the Pt 3-second and 10-second pulsed
films, the compositions determined by XRR are 88:12 and 97:3,
respectively, showing only minor discrepancies of ~2 at.% com-
pared to the RBS results (87:13 and 95:5). These close agreements
across the techniques highlight that the composition of ALM-
PtRu films can be reliably and accurately inferred from the XRR-
measured density. An illustration of this is shown in Figure S5
(Supporting Information). The Y-axis represents density, and the
X-axis represents the composition of Pt and Ru, and the relation-
ship between the two variables is expressed in the form of a lin-
ear function. Suppose the density measured by XRR is similar to
this linear function. In that case, it means that the composition
is close to the trend line of the linear function, indicating consis-
tency between the compositions. This consistency suggests that
the microstructure and composition of the alloy are within the
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predictable range, emphasizing that the density obtained by the
XRR analysis is a reliable indicator of the composition.

2.3. ALM-PtRu Process via the Control of the Precursor
Temperature

Method 1, as described in the previous section, effectively con-
trolled the PtRu alloy composition, though the resulting films ex-
hibited a Pt-rich composition. Meanwhile, method two was in-
troduced, aiming to reduce the Pt content by lowering the tem-
perature of the Pt precursor to limit its adsorption. To expand
the range of composition control, Figure S6 (Supporting Infor-
mation) shows the growth per cycle (GPC) achieved at two Pt
precursor temperatures using the same pulsing time. The puls-
ing times of the Pt precursor were set to 1, 3, 5, and 10 s, and
a decreasing trend of GPC with decreasing precursor tempera-
ture was observed at all pulsing times. These results indicate that
lowering the temperature of the Pt precursor decreases the vapor
pressure, reducing the amount of Pt precursor adsorbed onto the
substrate and thus decreasing the GPC. Similar trends have been
observed in other ALD processes, where lowering the precursor
temperature reduces the vapor pressure, decreasing the amount
of precursor adsorbed onto the substrate.??] This, in turn, results
in a reduced GPC, as fewer precursors are available for deposi-
tion during each cycle. Based on these results, we optimized the
alloy composition by adjusting the processing conditions to de-
crease Pt adsorption in the PtRu alloy films. This approach illus-
trates that precursor temperature control not only influences the
GPC but also enhances composition adjustment. By minimizing
Pt adsorption, we achieved greater flexibility in fine-tuning the
stoichiometry of the PtRu films. These findings underscore the
significance of adjusting processing conditions to enable precise
composition control in alloy fabrication.

Figure 5a,b show the XRD analysis of the PtRu film formed
using method two. Figure 5a shows the XRD pattern for the 260
range from 30° to 90°, with the Pt 1-second pulsed PtRu film dis-
playing a prominent peak associated with the HCP structure of
Ru. In this sample, the XRD pattern shows overlapping peaks
near 20 ~ 42°, where the Ru (002) reflection from its HCP struc-
ture coincides with the FCC structure’s Pt (111) reflection. This
overlap, coupled with the film’s low crystallinity, results in broad,
low-intensity peaks suggestive of structural disorder or the pres-
ence of overlapping phases rather than distinct crystalline do-
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Figure 5. XRD patterns of ALM-PtRu films as a function of Pt pulsing time, shown a) over the 26 range of 30°-90° and b) in the 26 range of 35°-50°. c)
The density of ALM-PtRu films obtained from XRR analysis as a function of Pt precursor pulsing time, with d) the corresponding Pt and Ru composition

calculated from the density.

mains. Additionally, a faint signal 20 ~ 82°, attributed to the Pt
(311) plane, is observed but subdued, likely due to lower Pt con-
tent and the dominant influence of the Ru matrix on the crystal
structure. The Ru composition of this sample is 72 at.% (Figure
5d), which is slightly below the ~80 at.% threshold typically re-
quired for stable HCP phase formation according to phase di-
agrams. Nevertheless, the short Pt pulse time and low deposi-
tion temperature may have hindered Pt crystallization, favoring
its substitutional incorporation into the Ru lattice. This indicates
that Ru can maintain its HCP structure at certain compositions
and temperatures even when alloyed with small amounts of Pt.
The initial dominance of the Ru peak suggests minimal Pt in-
corporation into the crystal structure, confirming Ru as the pri-
mary phase. As the Pt precursor pulse time increases, the peak
in Figure 5a gradually shifts toward positions associated with Pt,
indicating greater Pt atom incorporation.

To highlight this shift in detail, Figure 5b provides an enlarged
view of the XRD pattern within the 26 range of 35° to 50°. This
closer examination reveals that, with increased Pt pulsing, the
peak position progressively moves to lower 26 angles, suggesting
a lattice expansion due to the introduction of larger Pt atoms into
the Ru lattice. XRR analyzed the alloy’s density to infer the PtRu
alloy’s composition (Figure 5c). The density of the Pt 1-second
pulsed PtRu film was 14.7 g cm™3, which was a bit higher than
that of the bulk Ru density (12.4 g cm™3). This can be attributed to
the limited adsorption of Pt on the substrate, likely due to its rela-
tively low vapor pressure, which results in a lower deposition rate
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for Pt compared to Ru. Consequently, the film’s composition be-
comes dominated by Ru, leading to a density closer to that of bulk
Ru. The densities of the Pt 3-, 5-second pulsed PtRu films were
similar (19.03 and 19.42 g cm™3), though it is slightly increased
with increasing Pt precursor pulsing time. For the Pt 10-second
pulsed PtRu film, the density approached that of bulk Pt, indicat-
ing that the Pt precursor reached saturation during the deposi-
tion process (Figure S7, Supporting Information). This suggests
that the amount of Ru incorporated into the film was relatively
low, resulting in the formation of a Pt-rich alloy. The similarity
in density to bulk Pt is consistent with a higher concentration of
Pt in the film, which is indicative of a phase with minimal Ru
substitution, possibly leading to a Pt-rich solid solution or phase
separation with a low Ru content. Figure 5d presents the compo-
sition of PtRu films, calculated from XRR density, as a function
of Pt precursor pulsing time. When the Pt precursor tempera-
ture was set to 55 °C, varying the pulsing time to 1, 3,5, and 10 s
resulted in Pt:Ru ratios of 28:72, 80:20, 84:16, and 97:3, respec-
tively. This trend is due to the increased adsorption of Pt precur-
sor as the pulsing time increases, leading to a higher Pt content
in the alloy. In method one, setting the Pt precursor tempera-
ture to 65 °C enhances the precursor vapor pressure, enabling
efficient Pt adsorption even at shorter pulsing times. This con-
dition accelerates the increase in Pt content, making it suitable
for applications requiring Pt-rich alloy compositions. In contrast,
method two utilizes a lower precursor temperature, allowing for
control over the alloy composition across a broader range and ac-
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10 nm

Figure 6. a) BF-TEM image of ALM-PtRu film showing overall step coverage, b) step coverage analysis at the top, middle, and bottom sections, and c)
EDS mapping of Pt and Ru in the top section of the film on a 3D trench wafer.

commodating various compositional requirements. These find-
ings confirm that adjusting the precursor pulsing time and tem-
perature enables precise alloy film composition control using the
ALM technique. This demonstrates its adaptability to tailor com-
positional ratios to meet diverse application needs.

We employed a Pt 1-second pulsed PtRu film deposited via
ALM on a patterned wafer with a 3D structure (aspect ratio of
~30, top width of 125 nm, and bottom width of 85 nm) to ex-
amine the conformality of PtRu films. Figure 6a shows the step
coverage analysis of the PtRu alloy deposited on the patterned
wafer. The measured thicknesses at the top, middle, and bottom
were measured as 28.1, 29.7, and 29.3 nm, respectively. The side-
wall and bottom step coverage reached ~100%, and the similarity
in thickness suggests that the PtRu alloy grows uniformly across
the entire 3D structure. The high-angle annular dark-field STEM
(HAADEF-STEM) image in Figure S8a (Supporting Information)
further demonstrates the physical conformality of the PtRu film,
as shown by the consistent thickness along the trench sidewalls
and bottom. Additionally, the EDS mapping results for Pt (Figure
S8b, Supporting Information) and Ru (Figure S8c, Supporting
Information) confirm the effective penetration of the alloy film,
achieving uniform coverage down to the bottom of the high as-
pect ratio structure. As shown in Figure 6b, the BF-TEM images
of the trench at the top, middle, and bottom reveal continuous
film formation in each region. The surface is smooth and main-
tains a consistent thickness, confirming the uniform deposition
of the PtRu film throughout the trench. The EDS mapping in
Figure 6¢ shows the distribution of Pt (red) and Ru (green) at the
top of the 3D trench wafer, confirming their consistent presence
and homogeneous mixing at the nanoscale. In contrast to the
commonly used supercycle method for manufacturing and fab-
ricating nano-laminate structures (Figure S9, Supporting Infor-
mation), which consists of alternating ALD-Pt and ALD-Ru sub-
cycles in a 3:7 ratio, the ALM process results in PtRu films that
maintain high homogeneity. These results indicate that the ALM
process effectively preserves both thickness and compositional
uniformity, enabling the formation of stable PtRu alloy films. The
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method ensures both physical and compositional uniformity in
high-aspect-ratio structures. This excellent step coverage and uni-
formity, achieved through precise deposition, can be attributed
to the saturation reaction and sequential deposition mechanism
inherent in ALD processes. These advantages are effectively re-
tained in the ALM process, allowing for uniform alloy mixing
and consistent film formation throughout the structure, even in
high-aspect-ratio structures.

Considering the distinct crystallinity, electrical and chemi-
cal properties of bimetallic homogeneous ALM-PtRu thin films
and those of their parent elemental ALD-Pt and ALD-Ru pro-
cesses, we investigated all three catalysts in Figure 7 for hydro-
gen/oxygen evolution reaction (HER/OER) electrochemical ac-
tivities and durability. The idea is to explore and introduce an
early prototype of electrocatalysts fabricated from homogeneous
ALM-PtRu atomic alloys by extending their versatility to other
precious metal atomic alloys. As precious metals are rare and ex-
pensive, their precise use is paramount compared to their bulk
counterparts, primarily used as benchmark catalysts in various
catalysis applications. An atomic-scale bimetallic alloy such as
ALM-PtRu could simultaneously slow the consumption of pre-
cious metals in the impurity-free, uniform composition of thin
films. While observing the overall HER activity in terms of their
low onset overpotential to encompass a standard current density
10 mA cm~2 benchmark in the field of electrocatalysis, ALM-PtRu
thin film is the second best-performing catalyst concerning the
best ALD-Pt electrode (Figure 7a).

The ALM-PtRu alloy catalyst only requires ~30 mV overpoten-
tial to reach the 10 mA cm~2 benchmark current density, whereas
the ALD-Pt needs 20 mV than that of 58 mV for ALD-Ru. The
strategic control of Pt amounts in ALM-PtRu alloy could also be
noticed and verified from the difference in the obtained over-
potentials. Plus, to produce an industrially recommended cur-
rent density of 100 mA cm~2, the ALM-PtRu alloy only needs
270 mV. For the case of OER, LSV curves were recorded in
Figure 7c, and the best-performing electrocatalyst is ALM-PtRu
film compared to their ALD-Pt and ALD-Ru individual stochio-
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Figure 7. Electrocatalysis activities and stability for designed ALM-PtRu thin film alloy, ALD-Pt, and ALD-Ru thin films. a) HER, c) OER LSV curves and
long-term durability screening for ALM-PtRu thin film alloy for b) HER and d) OER catalytic processes.

metric components. Approximately 50 mV overpotential is re-
quired by ALM-PtRu alloy to reach 10 mA cm~2 benchmark cur-
rent density, which is very low compared to the 440 mV for ALD-
Ptand 110 mV for ALD-Ru.

A long-term durability check was performed for ALM-PtRu al-
loy for both HER and OER activities, as shown in Figure 7b,d.
There is only a negligible overpotential change of ~20 mV even
after 3000 continuous cycles at a fast scan rate. Initial potential
and current density maintenance, even after the long electroly-
sis process, demonstrate the robustness of the developed ALM-
PtRu alloy for further catalysis applications. The demonstrated
superior electrocatalytic activities for novel ALM-PtRu alloy un-
derscore the importance of achieving a homogeneous alloy of
PtRu with consistent composition at the nanoscale.

3. Conclusion

In the context of the current research endeavor, we success-
fully introduced homogeneous PtRu alloy thin films utilizing the
novel ALM technique, which serves as a viable alternative to the
conventional supercycle ALD methodology often employed for
achieving multicomponent alloy films. By integrating methodol-
ogy one, which encompasses the modification of the precursor
pulsing duration, with methodology two, which pertains to the
control of the precursor temperature, we proficiently adjusted the
adsorption properties of the precursor material to achieve signif-
icant changes in the resulting alloy composition. Comprehen-
sive analyses conducted through UHR-STEM EDS, RBS, ToF-
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ERD, XRR, and XRD revealed that the first methodology predom-
inantly yielded Pt-rich thin films (Pt:Ru = 62:38-97:3), whereas
the second methodology facilitated the attainment of Ru-rich
compositions (Pt:Ru = 28:72-97:3). This nuanced tuning of the
PtRu alloy composition underscores the profound influence that
precursor temperature exerts on the GPC and, by extension, on
the stoichiometric balance of the ALM-PtRu alloy itself. Notably,
the pivotal advantage of the ALM technique lies in its capability
to foster the development of impurity-free homogeneous PtRu al-
loy structures, thereby ensuring a consistent and uniform com-
position of ~100% step coverage of ALM-PtRu is found on the
high aspect ratio (~30) 3D trench structures (top width of 125 nm,
bottom width of 85 nm). The resultant ALM-PtRu alloy films ex-
hibited enhanced catalytic performance when compared to their
ALD-Pt, ALD-Ru elemental counterparts when utilized as cata-
lysts in both the OER and HER, thereby accentuating their con-
siderable potential in applications related to energy conversion
and storage. Our findings unequivocally illustrate that the ALM
process stands outas an efficacious method for forming alloy thin
films, empowering the strategic design of materials explicitly tai-
lored for catalytic functions and advanced semiconductor appli-
cations.

4. Experimental Section

Deposition  Process and Mechanism of ALM-PtRu  Alloy Thin
Films: The deposition of PtRu alloy films was performed using
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a traveling-wave ALD reactor (Lucida D200 HT-DC, NCD Technol-
ogy) using the ALM process. In this study, the Pt metal-organic
precursor  dimethyl-(N,N-dimethyl-3-butene-1-amine-N) platinum
(CgHgNPt, DDAP) and the Ru metal-organic precursor
tricarbonyl (trimethylenemethane) ruthenium[Ru(TMM) (CO);], both
provided by Tanaka Precious Metals, Japan, were used. The DDAP
precursor, solid at room temperature, provided first during the ALM
process, was vaporized in bubblers heated to 55 or 65 °C. High-purity
N, (99.999%) gas at a flow rate of 100 standard cubic centimeters per
minute (sccm) was used as a carrier gas to transport the vaporized
Pt precursor to the reaction chamber. The Ru(TMM)(CO); precursor,
liquid at room temperature, provided second during the ALM process,
was vaporized in a bubbler cooled to 10 °C and was transported to the
reaction chamber using carrier gas to high-purity N, gas at a flow rate of
50 sccm. The reactant gas used was high-purity O, (50 with 50 sccm N,
co-dosing) as a reducing gas (co-reactant) to deposit the PtRu alloy films.
The pulsing time of the DDAP precursor was varied, while the ones of
Ru(TMM) (CO); and of O, reactant were fixed at 10 s. After each precursor
and reactant pulse, 200 sccm of N, gas was used as a purge gas for 10 s
to remove by-products and excess chemicals from the reaction chamber.
The precursor and reactant delivery lines were maintained at 100 °C to
prevent unintended condensation of the precursors during transfer. The
process was conducted at 225 °C, with PtRu alloy films deposited on
thermally grown SiO, /Si substrate.

Advanced Physiochemical Analysis of ALM-PtRu Alloy Thin Films: Var-
jous analytic methods were used to identify the growth characteristics
and physical properties of the ALM-grown PtRu films on the SiO, /Si sub-
strates. The phases and crystallinity of PtRu alloy thin films were inves-
tigated using grazing incidence angle x-ray diffraction (GIAXRD; D8 DIS-
COVERY, Bruker, U.S., and Smart Lab, RIGAKU, Japan) analysis with Cu
Ka radiation with a wavelength (4) of 1.5406 A, and a grazing-incident
angle of 0.3°. X-ray reflectivity (XRR) measured the films’ thickness and
density with the same equipment. Since the densities of Pt and Ru were
different, 21.45 and 12.37 g cm~3, respectively, the overall density of the
alloy depends on the relative ratio of the two metals. Therefore, the density
measured by XRR can indirectly be used to estimate the relative propor-
tions of Pt and Ru in the alloy. To confirm the alloy composition more pre-
cisely, the composition ratio of Pt and Ru was analyzed using Rutherford
backscattering spectrometry (RBS; National Electrostatic Corp. (NEC),
6SBH accelerator with 2 MeV He?" « particle source, Korea Institute of
Science and Technology). Impurity concentrations in alloy films such as C
and O were further examined using time-of-flight elastic recoil detection
Analysis (ToF-ERD, NEC-6SBH accelerator with 7.5 MeV CI* source, Ko-
rea Institute of Science and Technology). The microstructure of the alloy
film was analyzed through plan-view and cross-sectional view transmis-
sion electron microscopy (ultra-high-resolution transmission electron mi-
croscopy (UHR-TEM; FEI Themis Z, Thermo-Fisher Scientific, U.S.). Ele-
mental quantification and distribution were assessed using Scanning TEM
(STEM)-energy dispersive spectroscopy (EDS) with the same TEM equip-
ment. The alloy film’s physical and compositional step coverage was eval-
uated using XTEM and STEM-EDS analysis by depositing the films on a 3D
trench structure with an upper width of 125 nm, a lower width of 85 nm,
and an aspect ratio of ~30.

ALM-PtRu Alloy Thin Films’s Electrocatalyst Fabrication and Investiga-
tion: The possible use of cost-effective ALM-PtRu precious metal al-
loy thin films in both electrocatalytic hydrogen and oxygen production
processes was also investigated to ensure the efficient use of any pre-
cious metals such as Pt and Ru. Individual ALD-Pt and ALD-Ru electrode
catalysts were also made in order to have a clear electrochemical com-
parison concerning the novel ALM-PtRu atomically dispersed homoge-
neous alloy film. BioLogic SP-150e potentiostat/galvanostat electrochem-
ical workstation was used to screen the electrochemical performances
of ALD-Pt, Ru, and ALM-PtRu catalysts. An electrolyte of 0.5 M H,SO,
was used, and a constant electrolyte was made for the convenience of all
electrocatalyst samples’ performance comparison and easy potential (V)
conversion versus reversible hydrogen electrodes (RHE). Pt-counter elec-
trode and Ag/AgCl reference electrode systems were employed for testing
the electrocatalyst’s durabilities and efficiencies with the measurements,
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such as linear sweep voltammograms (LSVs) and cyclic voltammograms
(CVs).
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Supporting Information is available from the Wiley Online Library or from
the author.
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