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Abstract 

Nanoscale patterning of inorganics is crucial for the fabrication of advanced electronic, 

photonic and energy devices. The emerging sequential infiltration synthesis (SIS) method 

fabricates nanofeatures by block-selective vapor-phase growth in block copolymer templates 

with tunable patterns. Yet, SIS has been demonstrated mainly for Al2O3 and few other metal 

oxides, while deriving metal nanostructures from a single SIS process is a challenge. Here, we 

present SIS of Ru metal in polystyrene-block-polymethylmethacrylate (PS-b-PMMA) 

templates without any pre-treatment, using alternating infiltration of RuO4 and H2. 

RuO4 interacts selectively and strongly with the aromatic C=C and C-H groups in PS, leaving 

PMMA domains inert. Density functional theory calculations corroborate that PS-

RuO4 interaction is energetically favorable, with a calculated interaction energy of -1.65 eV, 

whereas for PMMA-RuO4 the calculated energy of -0.05 indicates an unfavorable interaction. 

Morphological analysis on the di-BCP after the RuO4-H2 process indicates increase in contrast 

as a function of SIS cycles and templated Ru incorporation. The crystalline nature of the Ru 

deposits is confirmed using grazing incidence wide angle X-ray scattering. Plasma aided 

removal of the organic components yields Ru nanolines with lateral dimensions of ca. 20 nm. 

We further highlight the broad potential of RuO4 as reactant for SIS by generating 

RuO2 nanopatterns via alternating RuO4 and methanol infiltration. 

 

1. Introduction 



Ruthenium (Ru) is a candidate to replace copper in future interconnects. Its properties, 

including low bulk resistivity (ca. 7µΩcm), very high work function (> 4.7 eV), good chemical, 

and thermal stability, oxygen diffusion barrier property, etc. have driven significant research 

towards the synthesis of Ru by various techniques. In addition, Ru has very good adhesion 

with copper and is considered as a replacement for TiN capacitor electrodes in dynamic 

random access memories (DRAM). Thin ruthenium films also find applications in separating 

the magnetic layers in antiferromagnetically coupled (AFC) magnetic recording media as well 

as in magnetic random access memories (MRAMs).1-4 The applications of Ru in catalysis are 

also well established.5-6  

Complementarily, ruthenium dioxide (RuO2), the most stable oxide of Ru, also has an 

extremely low resistivity value (35 µΩ.cm), is chemically stable, and has a work function that 

is even greater than metallic Ru (5.1 eV for RuO2 and 4.1 eV for Ru).7-8 RuO2 is a useful 

heterogenous catalyst for low temperature dehydrogenation of molecules like HCl, NH3, 

methanol etc. Over the past 4 decades, RuO2 has been used as a dimensionally stable anode 

(DSA) for the chlorine-alkali electrocatalysis.9-10Atomic layer deposition (ALD) is a very 

efficient route towards the synthesis of conformal and precise coatings on to high aspect ratio 

structures.11-16 For this reason, there have been many reports on deposition of Ru1, 17-18 and 

RuO2 
17, 19-20 by ALD. 

Vapor phase infiltration (VPI) or sequential infiltration synthesis (SIS) is a versatile technique 

in which an organic layer (typically polymer-based) is sequentially infiltrated with the ALD 

precursors and reactants. The diffusion of the precursors into the polymer followed by the 

subsequent reaction leads to the formation of an inorganic material within the polymer film. 

This modifies the original physicochemical properties of the starting polymer. Self-assembled 

block copolymers (BCP) provide a unique feature for an SIS process: the selective binding of 

ALD precursors to one of the BCP's domains can be used to build inorganic nanostructures 

or hard mask layers, which can be generally used in lithographic applications.21-25 For such 

applications, the difference in selectivity of the ALD precursors between the domains of the 

BCP is crucial, ensuring that only one of the blocks is infiltrated while the other maintains its 

original properties. The creation of inorganic nanostructures inside the reactive block can be 

triggered by a cyclic introduction of the precursors and suitable co-reactants. To saturate the 

polymer free volume with the inorganic substance of interest, one can experiment with 

injection times (precursor and/or co-reactant) or the number of SIS cycles. The polymer matrix 

can be burned away after infiltration with a simple plasma treatment or calcination leaving the 

patterned inorganic material thanks to the original BCP morphology.22  



Although SIS reactions borrow ALD precursors and are usually performed in ALD reactors, 

the processing parameters can differ hugely compared to ALD. Contrary to ALD, the exposure 

times are usually much longer in SIS to promote efficient diffusion of precursor molecules 

through the pore volume of the starting polymer. The other major requirements of a SIS 

process involve low substrate temperature to avoid polymer degrading, the ability of the 

precursors to diffuse easily and react with the polymer domain of interest.26 Note that solubility 

and diffusivity are two important parameters that govern the faith of a SIS process. Metal 

precursors should be capable of dissolving into the polymer free volume and possess a 

reasonable diffusivity. Similarly, solubility is a very important factor for successful SIS 

experiments. Unless the precursor molecules are soluble in the polymer film, the retention of 

precursor molecules in the polymer films will be difficult and chances are that the precursor 

molecules out-diffuse during the pump/purge step.26-27 Nevertheless, interesting applications 

of infiltration of inorganic materials into polymers are seen in the literature including, increased 

toughness of spider silk28, improved mechanical properties of collagen29, contrast 

enhancement of block co-polymers30-32, solvent separation membranes33, conductivity 

improvement34-35 and so on.27, 36 SIS in general has been applied to lithography23-24, 37-38, 

protein separations39, optical coatings40, oil sorption41 etc. The other potential applications and 

features of SIS or infiltration in general, have been review already.42-44 

The currently available library of SIS chemistry is quite limited with reports arising from mainly 

metal oxides, with Al2O3 SIS using trimethyl aluminium (TMA) and H2O being the most 

explored.25, 45 Recent reports demonstrate the infiltration of Al2O3 nanostructures using O3
22 

and O2 plasma46 as co-reactants in combination with TMA. Oxides such as SiO2
24, ZnO24, 47, 

SnO2
37, TiO2

48, In2O3
45, Ga2O3

45 are also explored in the field of SIS. However, there is only 

one report on direct metal SIS up until now, where the SIS of tungsten metal is demonstrated, 

but with Al2O3  acting as a seed layer.24 Prior to tungsten SIS cycles, a few Al2O3 SIS cycles 

are usually done, resulting in alumina filling of the polymer free volume. For applications that 

require pure metal with no extraneous contaminants, this method can be troublesome. This 

clearly demonstrates the difficulty in the area of metal SIS, which could be due to the high 

deposition temperatures required, the necessity of plasma or ozone as co-reactants for most 

of metal depositions, which can degrade the polymer, or the bulky precursors that may not be 

able to freely diffuse into the polymer volume. Another crucial requirement is to have a distinct 

selectivity difference between the polymers employed, presenting another challenge. 

In this context, we demonstrate the first SIS process for ruthenium metal at low infiltration 

temperature of 120 °C in a block co-polymer, without requiring any pre-treatment. This SIS 

process for Ru was derived from an ALD process developed by our research group, using an 

inorganic RuO4 as Ru source and H2 as co-reactant.49 Previously, RuO4 exposures in liquid 



phase have been used to (selectively) stain (block co) polymers especially for increasing their 

contrast in electron microscopy.50-52 Herein, we translate this knowledge from liquid phase to 

vapor phase via infiltration reactions using the RuO4-H2 process studied on polystyrene 

homopolymer (PS) and PMMA homopolymer (PMMA) showing that RuO4 selectively reacts 

with PS, but not with PMMA. This opens up opportunities for creating Ru nanopatterns using 

a polystyrene-block-polymethylmethacrylate (PS-b-PMMA) template, where Ru is exclusively 

deposited inside the PS domain to form a hybrid material. Finally, the polymer template can 

be removed to obtain Ru nanostructures, mimicking the original PS domain. To the best of our 

knowledge, this is the first report of metal SIS without any pre-treatment. We further show that, 

similar to Ru SIS, RuO2 SIS can be achieved utilizing the methanol-RuO4 ALD process, 

wherein also the PS domains act as the reactive block and PMMA stays inert. In prior SIS 

reports with PS-b-PMMA, the ALD precursors (metal organic and organometallic) were shown 

to react with PMMA explained by the interaction with the C=O group present, but the PS 

component remains unaffected due to the absence of any functional groups23. The Ru and 

RuO2 processes presented here, on the other hand, occur only in the PS domain. The 

experimental observations on the selectivity difference between PS and PMMA are 

corroborated by first principles density functional theory (DFT) studies. Different aspects of 

the infiltration process such as selectivity, crystallinity of the infiltrated Ru, and morphology are 

extensively studied, and a plausible reaction mechanism is proposed. 

2. Results and discussion 

In the current work, three different polymers are used, polystyrene (PS, Figure 1a) and 

polymethyl methacrylate (PMMA, Figure 1b) homopolymers and polystyrene-block- 

polymethyl methacrylate (PS-b-PMMA, Figure 1c) di-block copolymer thin films, all of which 

are prepared by spin coating. The different synthetic approaches for block copolymers have 

been reviewed elsewhere.53 In this work, self-assembled PS-b-PMMA films with a lamellar 

morphology were used. 

An overview of the developed SIS process for Ru is depicted in Figure 1d-g. The starting 

substrate represents a self-assembled di-block copolymer (PS-b-PMMA in our case) 

consisting of  both PS and PMMA components. The block copolymer is first exposed to RuO4 

(an inorganic Ru source) molecules inside an ALD reactor. This allows the infiltration/diffusion 

of RuO4 molecules selectively into the PS component of the block copolymer, at the same 

time leaving the PMMA unreacted. The interaction of PS with RuO4 chemically modifies the 

PS component and an extra H2 pulse is followed after the pumping of unreacted RuO4 

molecules. This is followed by the introduction H2 gas that reduces the infiltrated RuO4 (RuOx) 

molecules to metallic Ru. This RuO4-H2 SIS cycle is thus repeated until the required amount 

of Ru loading inside the polymer free volume is achieved. Now, an inorganic-organic hybrid 



layer is present, which comprises Ru as the inorganic component and PS as the organic 

component, in addition to the unmodified PMMA. Finally, the organic components of the 

polymer film are removed by a plasma treatment (H2 plasma in our case) which leads to the 

formation of Ru nanostructures (Figure 1g) that resemble the reactive block (PS) of the starting 

PS-b-PMMA block copolymer template.  

 

Figure 1:  Chemical structures of the different polymers used in this study. a) Polystyrene 

(PS) homopolymer, b) Polymethyl methacrylate (PMMA)homopolymer and c) Polystyrene-

block- polymethyl methacrylate (PS-b-PMMA) di-block copolymer. Simplified illustration of the 

Ru SIS process. d) Starting PS-b-PMMA template containing both PS and PMMA domains. 

e) Selective RuO4 infiltration into PS domains, this interaction causes swelling of these 



domains, as will be discussed later (note the height increase of the domains compared to bare 

di-BCP). f) chemical modification of the PS domain followed by H2 pulse to form metallic Ru 

inside PS domains. g) An H2 plasma etch step to remove the BCP template to generate Ru 

nanopatterns on the substrate surface.  

2.1. Selective infiltration into PS domains 

In order to achieve Ru SIS, we rely on the previously developed Ru ALD process from our 

group, using RuO4 as the Ru precursor, and H2 gas as the co-reactant.49 This process allows 

deposition of Ru at substrate temperatures ranging from 100°C to120°C, which is ideal to work 

with polymers such as PS and PMMA. For the Ru SIS, we chose 120°C as the working 

substrate temperature as this temperature is above the glass transition temperature both the 

PS (100°C) and PMMA (105°C) homopolymers, and this ensures maximum free volume of 

these polymers. In order to validate the difference in interaction of RuO4 with PS and PMMA, 

first PS and PMMA homopolymer films were spin coated and transferred to the ALD chamber. 

Prior to SIS, the polymer samples were kept inside the ALD reactor under vacuum for an hour 

at a temperature of around 100°C to remove any residual solvents or gases. Then these 

polymers were exposed to RuO4 at a pressure of ca. 2 mbar and H2 gas at a pressure of ca. 

5 mbar in a cyclic manner. Higher pressures compared to conventional ALD are achieved by 

the static mode of exposures, as this would allow for significant diffusion of the reacting 

molecules into the bulk of the polymers.  

The infiltration process was monitored in situ using spectroscopic ellipsometry (SE) to observe 

the changes in the psi (Ψ) value as this can be used as an identification of the selectivity.54 As 

shown in Figure 2a, on PS the Ψ value changes from the very first cycle, but on the other hand 

it remains unchanged on PMMA films even after 200 cycles. This in turn indicates the selective 

reaction of the RuO4 precursor with PS compared to PMMA, opening up opportunities for 

selective infiltration of the PS component in PS-b-PMMA di-block copolymer, satisfying the 

necessary conditions for BCP based lithography, as stated before. The selectivity was 

corroborated using XPS, after 30 SIS cycles (highest number of SIS cycles used in this work 

as higher cycles might lead to ALD like growth on the surface rather than infiltration like 

process). The Ru 3d XPS region is presented in Figure 2b. Due to the overlap of Ru 3d3/2 with 

C 1s, extracting quantitative information was troublesome. However, it can be immediately 

seen that on PMMA, there was no Ru 3d5/2 peak present, but on the other hand on PS and 

PS-b-PMMA it was present. 

The selective infiltration of RuO4 with PS was again revealed by the Ru 3p peaks (where there 

is no overlap with C1s) in Figure 2c. PS and PS-b-PMMA gave rise to Ru 3p peaks after the 

SIS process, whereas no Ru 3p peak could be observed on PMMA. Complementary XRF 



(Figure S1) measurements also indicated  a clear Ru signal on the PS and PS-b-PMMA films 

but not on the PMMA films. To confirm the presence of Ru in the free volume (bulk) of the 

polymers, XPS depth profiling (Figure 2d) was performed. The irregular pattern of C1s signal 

in PMMA is originating from the higher noise level in the C1s data of the PMMA sample. The 

higher noise makes it difficult to realize the same background for the C1s peak at different 

sputter levels. Nevertheless, the Ru 3p intensity on both PS and PS-b-PMMA tends to follow 

the same trend as C 1s peak in these polymers, which indicates the binding of Ru with the 

carbon in the polymer and clear indication of Ru present in the bulk of the polymer, in 

agreement with the in situ ellipsometry data. In short, excellent selective infiltration of RuO4 

molecules into PS could be achieved.  

 

Figure 2: a) In situ ellipsometry data on PS and PMMA homopolymers during the Ru SIS 

experiments. Ex situ XPS after 30 SIS cycles b) Ru 3d peaks on PS,PMMA and PS-b-PMMA, 

c) Ru 3p peaks, d) XPS depth profile for C1s and Ru 3p intensities on the polymers after 30 

SIS cycles. 

2.2. Kinetics of RuO4 infiltration 

The uptake of RuO4 in the polymers and potential out-diffusion profiles were studied using in 

situ spectroscopic ellipsometry (SE). We purposely designed an experiment where different 



steps are coloured differently as shown in Figure 3. The first step of this experiment was the 

introduction of RuO4 molecules (at ca. 2 mbar) to all the three polymers (i.e., PS, PMMA, and 

PS-b-PMMA) used in this study. Note that between subsequent RuO4 exposures, the chamber 

was pumped down to the base pressure (ca. 2*10-6 mbar) and an SE measurement was taken. 

The red circles in Figure 3 indicate such measurements. The change in thickness of the 

polymer after the precursor exposure allows to identify the swelling of the polymer caused by 

the precursor infiltration.55-56 The infiltrated precursor molecules can get trapped inside the 

polymer, either by physical entrapment or by chemical reaction with polymer functional 

groups/reactive sites. Sometimes the entrapment of the precursor molecules inside the 

polymer is reversible leading to the polymer returning back to its original state. To get insights 

into such possible out-diffusion of entrapped RuO4 molecules, the polymer thickness was 

probed again after a long waiting time of ca. 28 minutes. The ellipsometry measurement after 

this waiting time is indicated as a blue square in the figure. In the case of PMMA films (Figure 

3a), there is no significant thickness increase after the RuO4 exposure pulses, suggesting low 

uptake of RuO4. This can be because of two reasons; either the RuO4 molecules do not 

infiltrate into PMMA, or the infiltrated molecules (completely) out-diffuse in the timeframe of 

the pumping step. The low uptake could be related to the low solubility and (or) diffusivity of 

RuO4 molecules in PMMA. On the other hand, in the case of PS (Figure 3b), it is quite evident 

that after the RuO4 only pulse (red circles), the polymer thickness increases significantly during 

the initial pulses and show saturation behaviour after 20 pulses (around 20 % increase). This 

swelling followed by saturation is typical for infiltration reactions. Before the next SE 

measurement (blue square), a long waiting time of ca. 28 minutes is introduced (without 

pulsing any RuO4) to reveal the potential out-diffusion of precursor from the polymer, and thus 

the strength of the bond formed between the RuO4 and PS. Previous reports on trimethyl 

aluminium (TMA) infiltration into PMMA, one of the best studied SIS processes in literature, 

revealed the out-diffusion of TMA molecules after waiting for a certain time after the TMA 

pulse.55 This was attributed to the relatively weak bond formed between PMMA and TMA. By 

contrast, in our case, even after ca. 28 minutes of waiting after the RuO4 pulse, no significant 

change in thickness (decrease) was observed, indicating permanent or at least strong bonding 

of RuO4 with the PS films. Further RuO4 pulses (red circles followed by the first blue square, 

data from ca. 100-135 minute in Figure 3b) resulted in limited infiltration (no significant 

thickness increase), as now the free volume of the polymer is filled with RuO4 molecules and 

thus further in-diffusion of RuO4 is hindered. When a complete SIS cycle (RuO4-H2, indicated 

by green triangles) is performed the thickness seems to decrease as H2 is expected to reduce 

the infiltrated RuO4 (RuOx) to Ru. Similar experiments on PS-b-PMMA (Figure 3c) indicate 

swelling (19 % after 20 RuO4 pulses) and saturation behaviour indicating the infiltration of 

RuO4 into the PS component in PS-b-PMMA films. The processing conditions and nature of 



the polymer can still be tweaked to increase the free volume and hence the swelling 

percentage/ infiltration depth.  

 

Figure 3: a),b), and c): In situ ellipsometry experiments on PMMA, PS and PS-b-PMMA 

during RuO4 only pulses and RuO4-H2 process. Note the waiting time of ca. 28 minutes in the 

graphs The RuO4 pulse (red dots) was introduced at ca. 2 mbar and was followed by a 

pumping step to reach the base pressure before an ellipsometry measurement is performed 

(red circles).  

2.3. Crystalline nature of infiltrated Ru 

The crystalline nature of the infiltrated Ru inside the PS-b-PMMA was investigated using 

synchrotron based GIWAXS. A series of PS-b-PMMA samples were exposed to different 

cycles of the  Ru SIS process and these samples were then subjected to plasma treatment to 

remove the polymer components. Figure 4a depicts the 2D GIWAXS images for the PS-b-

PMMA reference (left), after 20 SIS cycles on PS-b-PMMA (middle) and after 20 SIS cycles 

followed by the plasma (right). The reference PS-b-PMMA did not give rise to any scattering 

ring in the GIWAXS image. However, the sample after 20 SIS cycles clearly shows scattering 

rings typically for Ru hexagonal closed packing (hcp) structure at qr values of ca. 26.4 nm-1 

(100) and 30 nm-1 (101). For the sample after 20 SIS cycles and H2 plasma treatment (to 



 

Figure 4: a) 2D GIWAXS patterns of the reference PS-b-PMMA (left), after 20 SIS cycles 

(middle) and after 20 SIS cycles and plasma treatment (right) b) Intensity vs azimuthal angle 

plot showing there is no anisotropic scattering from the Ru layer, c) and d) 1D azimuthal 

integration plots obtained from GIWAXS data, showing the crystalline nature of Ru inside the 

polymers for the as-infiltrated samples and the samles after infiltration followed by H2 plasma 

treatment, respectively. 

remove the organic part), the scattering ring is still present but noticeably with a higher 

intensity. These scattering rings shed light towards the crystalline nature of Ru present inside 

the polymer. The intensity profile along the peak azimuthal position does not change with the 

azimuthal angle (Figure 4b), proving the Ru  isotropic crystallographic orientation inside the 

polymer for both the as-infiltrated and after plasma treated samples. However, the intensity 

after the plasma is substantially higher than compared to the as-infiltrated sample indicating 

higher crystallinity for the former set of samples. The azimuthal integration of the data thus 

leads to a 1D plot as shown in Figure 4c (as infiltrated) and Figure 4d (after infiltration followed 

by H2 plasma). 

After 20 SIS cycles (as-infiltrated), the typical diffraction patterns corresponding to Ru HCP 

start to appear with the peak at 43°(corresponding to the 101 plane) being the strongest in 

intensity. The other typically diffraction planes for Ru HCP such as 100, 102, 110, 103, 112 

are also observed. Interestingly, for the sample set after the infiltration followed by plasma, 



the diffraction patterns corresponding to Ru HCP start to appear even for the ‘1 SIS cycle 

plasma’ sample. This enhanced crystallinity after the plasma treatment is attributed to the 

removal of carbon (polymeric components) from the film and the possible further reduction of 

any ruthenium oxide (RuOx) present in the samples to metallic Ru during the H2 plasma step. 

A similar observation of increase in crystallinity after the removal of polymer was observed 

during the SIS of In2O3 in PMMA.57  As shown in Figure 4c and 4d respectively for both as-

infiltrated and after plasma samples the intensity of the peaks increased as a function of 

increase in SIS cycles as expected due to the increase in Ru loading.   

 2.4. Morphological Analysis 

The morphological evaluation of the infiltrated polymers was carried out using SEM, AFM, and 

GISAXS measurements. The SEM images ‘after infiltration’ and ‘after infiliration followed by 

plasma’ are provided in Figure S4 and S5, respectively. Topograhical AFM images in Figure 

5a reveal the fingerprint self-assembly of the reference di-BCP films (indicated as 0 SIS cycle). 

However, in this case the contrast between the PS and PMMA domain in the pristine film is 

poor. After the Ru SIS cycles, a significant enhancement in morphological contrast between 

the two domains of the di-BCP is observed, which suggests the selective incorporation of Ru 

into one of the domains. Based on the previously discussed ellipsometry and XPS data, this 

domain likely corresponds to the PS domain. Notably the contrast increases as a function of 

Ru loading (increase in SIS cycles). Interestingly, a single SIS cycle itself already results in an 

enhanced contrast implying that there is Ru present in the di-BCP after just 1 cycle. The 

formation of Ru nanopatterns after the H2 plasma treatment to remove the polymer layer, 

mimicking  the original di-BCP pattern is also verified (Figure 5b). A reference sample (Figure 

5b, labelled as ‘0 SIS cycles’) was also exposed to the H2 plasma treatment, and the AFM 

image of this sample revealed the absence of any features on the surface compared to the 

pristine PS-b-PMMA. This means the plasma condition used here is able remove most of the 

organic components. However, it is unclear whether all the organic components are removed 

from the infiltrated PS domains after the plasma treatment, and the analysis of this is difficult 

using XPS due to the overlap of C 1s with Ru 3d. The indication of the original fingerprint 

pattern on the sample ‘after 1 SIS cycle and plasma’ confirms the presence of Ru inside the 

template just after 1 SIS cycle.   



 

Figure 5 : Topographical AFM images a) as-infiltrated, b) after infiltration followed by H2 

plasma. The  sides of the square indicate 500 nm. c) 2D GISAXS images of the as-infiltrated 

samples and d) 1D horizontal line profiles for the as-infiltrated samples taken at qz = 0.45 nm-

1 (dashed lines in C) ). 

 

Complementary GISAXS measurements were performed to further analyse the morphological 

evolution of the as infiltrated samples as a function of SIS cycles. As seen from the 2D GISAXS 

images in Figure 5c, the pristine di-BCP film gave rise to a first order interference peak at a qy 



position of 0.23 nm-1. This implies that the polymer domains are laterally ordered with an 

average spacing of ca. 27 nm, which was calculated using the approximation d=2π/q, q being 

the qy peak position. Also, after the first SIS cycle, results in an immediate increase in the 

intensity of  first-order scattering peak and development of a second-order peak at ca. 0.46 

nm-1
 and a third-order peak at 0.67 nm-1. This reveals an excellent registry of the Ru 

incorporation within the di-BCP template, in agreement with the AFM data.58 In general, 

addition of Ru to the polymer increases the diffuse scattering in the GISAXS images and this 

is found to follow an increasing trend with  respect to the number of cycles. As seen from the 

1D cuts in Figure 5d, the qy position (0.23 nm-1) after the infiltration cycles tend to remain more 

or less the same compared to the original di-BCP, corroborating the templated Ru deposition. 

At higher SIS cycles, for example 20 and 30 SIS cycles, the qy position slightly shifts to slightly 

lower qy values, possibly because of the increased diffuse scattering from the Ru nanoclusters. 

After 20 SIS cycles, the possibility of a quasi-uniform thin Ru layer on top of the polymer film 

can also not be excluded. To conclude the discussion on the AFM and GISAXS data, there is 

templated incorporation of Ru inside the di-BCP template, which increases as a function of 

SIS cycles, under the conditions studied. Based on the results obtained from in situ 

ellipsometry and XPS, the increase in contrast and templated growth of Ru nanostructures is 

attributed to the selective growth in PS domains. 

2.5. Mechanism of Ru infiltration 

 

 

Figure 6: In situ FTIR data during RuO4 infiltration on PS and PMMA blanket homopolymers. 

a) on PS, b) on PMMA. The reference spectra of the polymer films are shown on top of the 

graphs. The in situ spectra during the SIS process were recorded, and then subtracted from 

the spectrum recorded for the corresponding polymer film on Si to obtain difference spectra. 



In situ FTIR spectroscopy was used to analyse the chemical groups that are removed or 

introduced during the Ru SIS process. To this end, the interaction of RuO4 with PS and PMMA 

blanket films were monitored using FTIR. First, the reference spectra for the polymer layers 

were recorded by subtracting the spectrum for a blanket Si wafer from the recorded data. 

Afterwards, in situ measurements were carried out, recording the spectra, and then subtracting 

the spectrum recorded for the polymer film on Si to obtain difference spectra. Hence, during 

the in situ process, the positive features indicate the chemical groups that are formed and the 

negative features account for the groups that are being consumed during the reaction.  

The PS and PMMA spectra (referenced to the blank Si substrate) are provided in Figure 6a 

and b for easy comparison. The features associated with the blanket homopolymers, and their 

corresponding assignments are provided in Table S1. After the RuO4 pulses, as evident from 

Figure 6a, negative features appear around 3026 cm-1, 3063 cm-1 , and 3082 cm-1, which 

reveals the interaction and subsequent consumption of aromatic CH groups by the RuO4 

molecules. Another set of negative features, that appear around 1602 cm-1, 1584 cm-1, 1493 

cm-1, and 1452 cm-1 correspond to aromatic C=C/C-C stretching. These features become 

more evident with higher SIS cycles (5 cycles as shown in Figure 6a). The other weak features 

that get consumed are around 2926 cm-1,  2847 cm-1 (asymmetric, symmetric stretching of 

methylene, -CH2, respectively), and the out of plane CH bending at ca. 698 cm-1. There is a 

sharp dip  to be seen around 1100 cm-1, which is clearly not related to the peak from the 

pristine PS sample. This peak has been previously attributed to Si-O-Si bond.59 The decrease 

in intensity of this peak is likely due to the diffused RuO4 molecules interacting with the Si 

substrate underneath the polymer film. Indeed, additional in situ measurements (Figure S6) 

during RuO4 exposure on  a Si sample (without the polymer) also indicated that this peak 

intensity decreases during RuO4 pulses. However, in general the interaction and consumption 

of aromatic C-H and C=C groups by RuO4 even after just 1 RuO4 pulse, is clear from the in 

situ FTIR data, in agreement with other data presented before.  

On the other hand, the blanket PMMA spectrum (Figure 6b) indicates the typical feature 

expected for the C=O group at 1730 cm-1 as the major peak (other peak assignments are 

provided in the supporting information). The spectrum after 5 RuO4 pulses and even after 30 

RuO4 pulses did not lead to significant changes compared to the pristine PMMA spectrum, 

indicating the absence  of (significant) interaction of RuO4 with PMMA related groups, in 

agreement with all other data presented earlier. Therefore, in summary the interaction of RuO4 

molecules with PS happens from the first cycle onwards, via the consumption of aromatic C-

H and C=C species present in the polymer, while with PMMA the lack of such chemical groups 

means that the interaction with RuO4 is limited. 



Density functional theory (DFT) calculations were performed to investigate the interactions of 

the RuO4 precursor and the PMMA and PS oligomers during the SIS process.  Figure 7 shows 

the relaxed atomic structure of PMMA after the interaction with one RuO4 molecule. We have 

considered two different interaction sites of PMMA. In the first model the RuO4 molecule was 

placed between the monomer units and near the methoxy group of PMMA while in the second 

model the RuO4 molecule was placed near the methyl group of PMMA. The optimised atomic 

structures show that no new bonds are formed between PMMA and RuO4. The calculated 

interaction energies for the first model (Figure 7a1) and the second model (Figure 7a2) are 

0.27 eV and -0.05 eV, respectively and these show an unfavourable interaction between RuO4 

and PMMA. This is consistent with findings from FTIR, which show the chemical groups 

associated with PMMA were not affected during the RuO4 pulse. The lack of interaction 

between RuO4 and PMMA can contribute to the low infiltration of RuO4 into PMMA, while the 

low solubility and/or low diffusivity of RuO4 in PMMA may also play a role, as explained before.  

 

 



Figure 7: a) Optimised atomistic structure of RuO4 located a1) near the methoxy group of 

PMMA, a2) near the methyl group of PMMA. b) The plotted reaction pathway of PS polymer 

with the metallic precursor RuO4 and co-reactant H2. Optimised atomistic structures of b1) PS 

interacting with RuO4, b2) PS interacting with RuO4 and H2, b3) PS interacting with RuO4 and 

H2-H2O formation, b4) PS interacting with RuO4 and H2-H2O release. Grey-carbon, red-

oxygen, white-hydrogen, blue-ruthenium. 

The optimised atomic structure of PS after the interaction with one RuO4 molecule presented 

in Figure 7b1, shows that RuO4 binds to the aromatic C atoms of PS by forming two new O-

C bonds with distances 1.44 Å and 1.42 Å. After binding with RuO4, the C-C distance of these 

C atoms increases from 1.39 Å in PS to 1.52 Å, which removes the aromatic character of the 

ring. The calculated interaction energy, -1.65 eV, indicates an exothermic interaction, and 

therefore the interaction is favourable. This is in line with findings from FTIR, which show that 

after  the RuO4 pulse aromatic C=C bonds of PS polymer are consumed. The findings from in 

situ ellipsometry also indicate a strong bonding of RuO4 with the PS films.  

Next, to investigate interactions between RuO4-PS and H2 (co-reactant) we expand the RuO4-

PS model to include one H2 molecule. Figure 7b2 depicts the optimised atomic structure of 

RuO4-PS after the incorporation of one H2 molecule. The H2 molecule binds with one O atom 

of RuO4 with a H-O distance 1.11 Å. The overall calculated energy change for this reaction is 

-1.70 eV. In the next step we consider the formation of one H2O molecule. The optimised 

atomic structure of this reaction product is presented in Figure 7b3. This reaction involves the 

dissociation of the H2 molecule and the binding of the H atoms with one O atom of RuO4 to 

form a H2O molecule while the existing Ru-O bond is lengthened from 1.65 Å to 2.13 Å. The 

calculated energy gain for this reaction is -1.44 eV relative to the model in Figure 7b2, leading 

to an overall energy change of -3.14 eV. The final step of H2 and RuO4-PS involves breaking 

the existing Ru-O bond and the release of a H2O molecule. The optimised atomic structure of 

this reaction product is presented in Figure 7b4 and the calculated energy cast to release a 

H2O molecule is 0.03 eV relative to the model in Figure 7b3, leading to an overall energy 

change of -3.11 eV. The negative energies calculated for the reactions of RuO4-PS with H2 

indicate that H2 co-reactant is able to reduce the RuO4 molecules infiltrated into the PS 

polymer, consistent with formation of metallic Ru. 

 

2.6. SIS of RuO2 nanostructures 

In this work, we have shown that Ru nanopatterns can be achieved by the selective infiltration 

of RuO4 into PS domains of PS-b-PMMA. Next, we show that RuO2 nanostructures can also 

be accomplished by SIS, utilizing a RuO2 ALD process that uses the same Ru source (RuO4) 



but employs alcohols as co-reactants (Figure 8a). The details of the ALD process are 

presented elsewhere.60 Specifically, RuO4 and methanol (the growth per cycle of this process 

is around 1 Å/cycle) were used as reactants for RuO2 SIS at a substrate temperature of 120 

°C. 50 cycles of this process were done on blanket PS, PMMA, and PS-b-PMMA di-BCP thin 

films to evaluate the selectivity of this process. A higher number of SIS cycles was presented 

in the manuscript for the RuO2 SIS process to show that the selective reaction towards 

polystyrene is not lost even after 50 SIS cycles.  XPS (Figure 8b) measurement on PS after 

RuO2 infiltration (50 cycles) shows the presence of Ru 3p peaks, whereas no peak was present 

on PMMA blanket films. As a result, the selective nature of the RuO2 SIS process is confirmed, 

just as it was for the Ru process. PS-b-PMMA, as expected, produced a Ru peak in XPS, 

identical to that seen for PS. Moreover, we confirmed the presence of Ru in PS blanket 

samples using energy dispersive X-ray analysis (data not shown), after performing lower 

number of SIS cycles as well (10 cycles).  

 

Figure 8: RuO2 SIS using methanol-RuO4 ALD process. a) Schematic illustration of the SIS 

of RuO2 on PS-b-PMMA b) Ru 3p XPS spectra after 50 SIS cycles of methanol-RuO4 ALD 

process at a substrate temperature of 100°C. All the polymers were around 30-35 nm thick. 

c) SEM image of pristine polymer film and d) the same film after 50 RuO2 SIS cycles.   

To verify that it is indeed RuO2 that is being infiltrated into the PS domains, when using the 

RuO4-methanol SIS process, we performed additional in situ XRD characterization (Figure 



S7). The samples after 50 SIS cycles were annealed in He atmosphere to 500 °C.  From the 

in situ XRD plot, it clear that a peak (at around 28°) corresponding to RuO2 (110) plane starts 

to appear around 240 °C. This confirms that the infiltrated material is indeed, RuO2, but present 

in amorphous form in the as-infiltrated samples. On the other hand, as expected for the RuO4-

H2 SIS process, there was no peak corresponding to RuO2, but a clear peak corresponding to 

metallic Ru (101) was present.  

This indicates that the PS-b-PMMA di-BCP can be used to generate RuO2 nanopatterns on 

the surface, with RuO2 mimicking the reactive PS component of the block copolymer. Figure 

8c shows the SEM image of PS-b-PMMA, which shows the lamellar self-assembly of the PS 

and PMMA blocks. The SEM image of the polymer thin film after 50 SIS cycles (Figure 8d) 

clearly reveals an increase in contrast when compared to the pristine polymer thin film, 

implying RuO2 infiltration. Exposure times, number of SIS cycles, and other variables can still 

be tweaked to improve infiltration depth and RuO2 pattern dimensions. The diverse 

morphologies offered by the self-assembly of the blocks in the block-copolymer in combination 

with SIS might yield potential nanostructures, such as Ru and RuO2, as shown here. 

 

3. Conclusions and outlook 

We have established a new sequential infiltration synthesis (SIS) procedure for ruthenium 

metal nanostructures, primarily with the goal of expanding the SIS library to metal 

nanostructures without the requirement for any pre-treatment. The SIS approach is based on 

a previously described ALD process for Ru, in which RuO4 is the Ru source and H2 is the co-

reactant. We demonstrated selective infiltration of RuO4 within PS blanket homopolymer films, 

whereas no reaction was observed with PMMA thin films, as evidenced by XPS, SE, and FTIR. 

Self-assembled PS-b-PMMA films were then used to create Ru nanostructures that mimicked 

the reactive PS component. AFM and GISAXS images displayed an increased contrast as a 

function of Ru loading in the polymer. The templated deposition of Ru in the di-BCP was 

confirmed from these measurements. The increased contrast and templated deposition are 

very likely related to the selective interaction between PS and RuO4 in the di-BCP, judging 

from the XPS and ellipsometry data on blanket polymers. GIWAXS indicated that the as-

infiltrated PS-b-PMMA and Ru nanostructures obtained after plasma treatment exhibited a 

quasi-isotropic crystal structure. However, when compared to the as-infiltrated samples, the 

crystallinity of Ru nanostructures improved even more when the polymer was removed. In situ 

FTIR analysis revealed that polystyrene's aromatic C=C and CH bonds are consumed during 

the process, but no chemical groups linked with PMMA were disturbed. This was backed up 

by DFT calculations which corroborated the observed selectivity difference. The unfavourable 



interaction of PMMA with RuO4 could be related to the low solubility and (or) diffusivity of 

RuO4 in PMMA. DFT studies also show that the co-reactant H2 is able bind to oxygen in RuO4, 

allowing the formation of metallic Ru with the release of H2O.  We also show that RuO2 

nanopatterns can be achieved using the same di-BCP by modifying a RuO2 ALD process that 

uses RuO4 and alcohols as reactants.  

With the growing interest in metals such as Ru, Co, and others in microelectronics, SIS could 

be a useful technique for creating possible nanostructures of these metals without the need 

for complicated lithographic procedures. The diverse library and versatility of block copolymers 

in self-assembly, along with successive infiltration of ALD precursors, opens up a world of 

possibilities for next-generation metal (oxide) nanopatterns in a variety of applications. For 

instance, SIS has already been successful for the creation of ZnO/Al2O3 nanostructure arrays 

by carefully controlling the diffusion times of the precursors involved.61  Similarly, the work 

presented in this manuscript can potentially be extended to the synthesis of different 

metal/dielectric nanostructures starting from a single di-BCP (PS-b-PMMA for example). The 

well-studied Al2O3 SIS process has been already shown to selectively occur preferentially in 

the PMMA domains, leaving the PS domains inert. On the other hand, the Ru SIS process 

demonstrated in this work is selective towards PS, without modifying the PMMA part. In 

principle, these two SIS processes could be performed one after the other on a PS-b-PMMA 

template. In this way, the different domains of the BCP are decorated with a metal and a 

dielectric material by combining two separate SIS processes (Ru and Al2O3 for instance). 

Removing the polymer template thus allows for the fabrication of periodic metal/dielectric 

nanopatterns. This concept would not only allow for the direct synthesis of metal/dielectric 

patterns with tuneable morphologies based on the original BCP, but it would also reduce the 

complexity associated with the synthesis of such structures using traditional methods. 

Similarly, by carefully identifying suitable precursors that preferentially react with one of the 

blocks of the (di-, tri-) BCP, the distinct chemical character of the domains in different BCPs 

could be exploited to generate alternative functional nanostructures (metal/metal, metal/metal 

nitrides, etc.). 

4. Materials and Methods  

4.1. . Block copolymer film preparation 

PS-b-PMMA film was prepared using the 300 mm wafer process at imec. A neutral brush (PS-

ran-PMMA brush, AZEMBLY NLD-127) was first coated on bare Si wafer. After annealing at 

250oC for 5 min, non-grafted excess brush was rinsed with solvent (1-Methoxy-2-propanol 

acetate; propylene glycol monomethyl ether acetate (PGMEA)), resulting in 5 nm-thick neutral 

brush grafted on a Si wafer. 35 nm-thick lamellar-forming PS-b-PMMA was then spin coated 



and annealed at 250oC for 5 min under N2 environment. Further details on the BCP preparation 

are described elsewhere.62 Prior to the infiltration experiments the polymer samples were 

heated in vacuum at 100°C for half an hour to remove any residual solvents or adsorbed 

moisture from the films. Prior to the infiltration experiments the polymer samples were heated 

in vacuum at 100°C for half an hour to remove any residual solvents or adsorbed moisture 

from the films. 

4.2. Sequential infiltration synthesis 

All the SIS processes of Ru and RuO2 were performed in a custom-built ALD reactor reported 

elsewhere.63 The reactor is equipped with a turbomolecular pump with a gate valve, such that 

a base pressure of ca. 10-6 mbar is achieved. The sample is heated inside the chamber with 

a resistive heater. It is to be noted that in this work, not pure RuO4, rather a solution of RuO4 

in a methyl-ethyl fluorinated solvent (ToRuS) developed, produced, and supplied by Air 

Liquide was used as the Ru source for the infiltration experiments. The concentration of RuO4 

in the solution is very low (less than 1%) such that if there are spills, the danger is limited. 

Moreover, no evidence of toxicity was found in the ToRuS solution as a result of an inhalation 

study conducted by Air liquid. Nevertheless, the use of personal protection equipment, 

including respiratory protection methods (ABEK2 filters) is strongly advised.64 H2 gas was 

supplied by using a 20% mixture of H2 in Ar. The substrate temperature was kept at 120 °C. 

For Ru SIS, the previously reported RuO4-H2
49 ALD process was modified. Both RuO4 and H2 

pulses were static in nature. That is, the valve between the chamber and the turbo pump was 

closed to allow the pressure to build up by injecting the gas over a time, ti. After this, the 

pneumatic inlet was closed and thereby allowing the chamber to remain at a constant pressure 

Ps for a time ts. The chamber was pumped down to a pressure of about 10-1 mbar with the 

rotary pump before opening the valve to the turbo pump again, reaching a base pressure of 

10-6 mbar. The values for {Ps, ti, ts} for the RuO4 and H2 gas pulses were {2 mbar, 20 s, 50 s} 

and {5 mbar, 20 s, 20 s}, respectively. For the RuO2 SIS process, the methanol-RuO4 ALD 

process was used. Both methanol and RuO4 pulses were again static in nature with  {Ps, ti, ts} 

equal to{1 mbar, 40 s, 10 s} and {1 mbar, 20 s, 10 s} for the RuO4 and methanol pulses, 

respectively. 

4.3. Characterization techniques 

In situ spectroscopic ellipsometry (SE) during the infiltration was performed with a SE, J. A. 

Woollam M – 2000 with a wavelength from 245 to 1000 nm. A Cauchy model was applied for 

fitting the ellipsometry data. X-ray fluorescence (XRF) measurements were performed by 

using a Mo X-ray source (at an angle of 45° with the sample surface) and a silicon drift detector 

that is placed at an angle of 52° with the sample surface. The fluorescence signal was 



integrated over a period of 100 s. X-ray photoelectron spectroscopy (XPS) measurements 

were performed on a Thermo Scientific Theta Probe XPS instrument using Al Kα (λ =0.834 

nm) X-rays generated at 15 kV and 70 W and focused to a spot size of 0.3 mm by an MXR1 

monochromator gun. As the Ru 3d region overlaps with C 1s, we used the Ru 3p region to 

detect ruthenium in the polymer films. The acquired data was analyzed using the CasaXPS 

software package. The in situ infrared measurements are carried out with a Vertex 70 V from 

Bruker and a medium band mercury cadmium telluride (MCT) detector cooled with liquid 

nitrogen. The data was analyzed using OPUS software provided by Bruker. 

Scanning electron microscopy (SEM) measurements were performed on a FEI Quanta 200F 

and a FEI Sirion instrument. Atomic force microscopy (AFM) measurements were done on a 

Bruker Dimension Edge system operating in tapping mode in air. Grazing incidence small 

angle X-ray scattering (GISAXS) and grazing incidence wide angle X-ray scattering (GIWAXS) 

experiments were performed at the NCD-SWEET beamline of the ALBA synchrotron, Spain. 

The X-ray beam energy was set to 12.4 keV using a Si (1 1 1) channel cut monochromator 

and further collimated with an array of Be lenses. Two area detectors were used, being the 

Pilatus3 S 1M for GISAXS and Rayonix LX-255HS for GIWAXS. The incident angle was set 

at 0.15° which is well above the critical angle of PS-b-PMMA but below the critical angle of the 

substrate for the employed energy. The scattering vector �⃗� was calibrated by using silver 

behenate and chromium trioxide as reference standards, obtaining a sample to detector 

distance of 6681 mm and 155.7 mm for GISAXS and GIWAXS, respectively.  

4.4. Computational methods 

Density functional theory (DFT) calculations were carried out using the TURBOMOLE suite 

programs.65 The PMMA polymer model is an oligomer that consists of three methyl 

methacrylate monomers and the PS polymer model is an oligomer that consists of three 

styrene monomers, Figure 9. The hybrid Perdew-Burke-Ernzerhof (PBE0) functional was 

used for these calculations, which incorporates 25% exact HF exchange,66  while a polarized 

split valance basis set, denoted def-SV(P), is used.67  An effective core potential is used for 

Ru, with 28 core electrons. A fine integration grid (m3) was used and SCF convergence 

criterion was set to 10−6 Ha. Convergence criteria for the geometry was set to 10−3 Ha. 

Interaction energies were calculated using: 

Eint =∑ Ep –∑ Er 

Here, Ep and Er are the energies of products and of reactants, respectively.  

For PMMA and PS polymers interacting with RuO4:    

 Eint= [E(RuO4-PMMA/PS)] - [E(RuO4)+E(PMMA/PS)]   



Here, E(RuO4-PMMA/PS) is the computed total energy of RuO4 interacting with the PMMA or 

PS oligomer, E(RuO4) is the computed total energy of the RuO4 precursor molecule and 

E(PMMA/PS) is the  computed total energy of the PMMA or PS oligomer.  

Eint= [E(H2-RuO4-PMMA/PS)] - [E(H2)+E(RuO4-PMMA/PS)]   

Here, E(H2-RuO4-PMMA/PS) is the computed total energy of H2 interacting with the RuO4-

PMMA or RuO4-PS, E(H2) is the computed total energy of the H2 molecule. A negative value 

for Eint means that the interaction is exothermic. 

Figure 9: Optimised atomistic structure of a) PMMA three unit oligomer and b) PS three unit 

oligomer. Grey-carbon, red-oxygen, white-hydrogen. 
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