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Abstract 
Area selective deposition (ASD) is an emerging method for the patterning of electronic devices 

as it can significantly reduce processing steps in the industry.  A potential ASD methodology 

uses infiltration of metal precursors into patterned polymer materials.  The work presented 

within demonstrates this potential by examining hydroxy terminated poly(2-vinylpyridine) 

(P2VP-OH) as the ‘receiving’ polymer and trimethylaluminium (TMA) and H2O as the material 

precursors in a conventional atomic layer deposition (ALD) process. Fundamental 

understanding of the surface process was achieved using X-ray photoelectron spectroscopy 

(XPS) and energy dispersive X-ray spectroscopy (EDX) mapping via transmission electron 

microscopy (TEM). The resulting analysis confirms aluminium inclusion within the polymer 

film. Spectroscopic and microscopic characterisation show metal infiltration throughout the 

polymer to the underlying silicon dioxide interface. Exposing the infiltrated film to an oxygen 

plasma results in the removal of the organic component and resultant fabrication of a sub 5 

nm aluminium oxide layer. 

 

Introduction 
Research into ‘bottom up’ lithography methods as an alternative to conventional  ‘top down’ 

patterning techniques for next-generation electronic devices has led to major efforts in 

identifying suitable polymers for block copolymer (BCP) lithography [1–3], and, more recently, 

area selective deposition [4,5]. The study of polymers that are receptive to infiltration of 

subsequently deposited materials, and that demonstrate the capacity for use in BCP or 

selective area type patterns, is a growing area of research [6,7]. Poly(2-vinylpyridine) (P2VP) 

is an attractive polymer having properties that make it prototypical for patterning and 

infiltration processes  [7–9]. These advantages are apparent as pyridine-based polymers are 

ideal for infiltration because of the nitrogen lone pair and it should be noted that systems 

such as polystyrene-poly(vinylpyridine) are capable of patterning at extreme dimensions (< 



10 nm) [10].  However, the potential of PVP systems as an infiltration media is much less 

studied than the intensively studied PMMA (Poly(methyl methacrylate)) [10]. Because of the 

interest in PVP as a potential acceptor, recent work has shown progress in its use via rapid, 

high-quality grafting of the polymer as a brush layer, and its infiltration with Al through a 

liquid phase approach [11]. Our previous studies have concentrated on the surface 

characterisation of these P2VP-OH brushes [12], and the capacity that these films have in 

facilitating infiltration via a Cu salt (liquid phase) inclusion process [13]. 

While a liquid phase infiltration approach into brush films has many benefits, vapor phase 

area selective infiltration techniques such as ALD have not yet been demonstrated using these 

brush type films. The focus of this work is on developing an area selective, ALD compatible 

deposition process using a covalently grafted P2VP-OH brush which could be patterned via 

conventional lithographic masking or by tailoring selective polymer brush end groups to bind 

to site specific wafer regions. This approach may have significant relevance for silicon device 

technologies, particularly in monolithic integration due to the low temperature ceiling (<500 

°C) required for complementary metal–oxide–semiconductor (CMOS) compatibility [14].  

The vapor phase ALD technique, in which chemical precursors and reactant gases are 

sequentially admitted to a deposition chamber under vacuum, is a film growth method that 

is regarded as highly conformal and controllable [15], with applications in a wide range of 

nanopatterning fields including ASD and BCPs [16]. Traditional ALD methods were based on 

depositing a material on top of a substrate, however it is important to note - that for ASD and 

BCP ALD approaches - infiltration into the polymer film is often desired. Numerous studies 

have been performed on blanket polymer films and BCPs in order to produce metal oxide 

films and nanopatterns respectively, with several alterations from the standard ALD cycle 

growth used in achieving infiltration. A review by C. Leng and M. Losego [17] outlined three 

of these alternative techniques for polymer infiltration – semi-static sequential infiltration 

synthesis (SIS)[18–20], flow mode SIS [21] and sequential vapor infiltration (SVI) [22]. Despite 

operational differences, all three operate by means of holding precursors and/or co-reactants 

in the chamber for a designated amount of time – unlike in the non-stagnated approach in 

conventional ALD.  

While these methods have achieved positive results, conventional ALD cycle growth has also 

been extensively reported to achieve infiltration into polymer films [23–25]. The work 

presented here demonstrates complete Al infiltration into a P2VP-OH film, with the avoidance 

of the longer cycle time experienced in a SIS approach. Aluminium was chosen as the material 

for infiltration, as there is extensive knowledge in the fabrication of Al2O3 thin films via ALD, 

both through deposition on surfaces and through infiltration into various polymers [26,27]. 

Precursor infiltration and metal coordination to the polymer is expected due to the strong 

chemical interaction between Al and pyridine [28,29]. Alumina is a high-dielectric constant 

(high-k) material that excels as a diffusion barrier with good thermal stability, resulting in it 

having a wide-range of uses in the semiconductor industry [30,31]. EDX mapping confirms the 

ability of P2VP to facilitate metal incorporation with this technique, and the XPS analysis 

allows for a detailed study of the environment of the surface after infiltration. An in-situ 



oxygen plasma step was performed post ALD infiltration, to produce and study the resultant 

Al-oxide layer on the Si oxide surface after polymer removal. 

 

Experimental 
P2VP-OH (P7544-2VPOH) (PDI: 1.05) with a molecular weight of 6 kg mol-1 was purchased 

from Polymer Source. The P2VP-OH was dissolved in tetrahydrofuran (THF) and subsequently 

spin-coated onto Si substrates in accordance with reference [11] to yield approximately 4 nm 

thick polymer films. Aluminium infiltration into the P2VP-OH film via ALD was performed in a 

commercial reactor (Picosun Sunale ALD R200 Advanced reactor), using TMA and H2O as 

precursors and N2 as the carrier gas. The substrate was heated to a temperature of 200°C 

(well within polymer thermal stability) and a recipe was implemented that would normally be 

expected to yield a 2 nm thick film of Al2O3 on a blanket, OH terminated Si surface. One cycle 

consisted of a 0.1 s TMA pulse followed by a 3 s N2 purge. This was then followed by a 0.1 s 

H2O pulse followed by a 4 s N2 purge. N2 was continuously flowed through the TMA and H2O 

lines at 150 sccm and 200 sccm respectively. A total of 20 cycles were performed.  

XPS data was obtained using a ThermoFisher-VG instrument equipped with an Al Kα (hν = 

1486.7 eV) X-ray source and a 3-channeltron hemispherical electron analyser (base pressure; 

1×10-9 mbar). XPS data analysis was performed using AAnalyzer [32], with spectra fitted using 

the simultaneous fit method and by using Voigt functions. All XPS spectra were shifted so that 

the Si 2p3/2 component was located at 99.4 eV [33,34]. The oxygen plasma process was 

performed in a purpose built chamber with a custom made plasma source coupled with the 

XPS analysis chamber, to ensure the sample did not have to break vacuum after the polymer 

removal / metal oxidation step. The plasma process took place in a pressure of 1×10-2 - 2×10-

2 mbar of oxygen at 30 W for 600 s. 

Sample preparation for TEM (FEI OSIRIS TEM) and subsequent EDX cross section imaging was 

undertaken in a FEI Helios Nanolab 450 S. Samples were capped with Pt via a gas injection 

system.  

 

Results 

XPS 
Photoemission analysis was performed on the P2VP-OH films pre- and post-ALD deposition, 

as well as after oxygen plasma processing to examine the effects of polymer removal and 

metal oxidation. The XPS intensity of the relevant core levels at each stage of the fabrication 

process (sample of P2VP as received, sample of P2VP after ALD, sample after oxygen plasma) 

are shown in Figure 1. XPS spectra of the N 1s and C 1s (Figure S1 and S2 respectively, 

supporting information) reveal the presence of the P2VP film before and after the ALD step, 

with the significant loss in intensity (Figure 1 (a)) after the oxygen plasma step attributed to 

the polymer being removed. 



The spectra of the Si 2p and Al 2p results are shown in Figure 2 (a). For the P2VP film prior to 

ALD deposition, no Al is present, and the Si 2p spectra is dominated by the Si bulk and Si4+ 

signal, with the 2p3/2 elements located at 99.4 and 103.4 eV binding energy, respectively. Post 

ALD processing, the TMA appears to have reacted with the P2VP film, with the Al 2p maxima 

occurring at 75.1 eV binding energy. The Al 2p peak was not fitted due to the unresolvable 

splitting distance of 0.4 eV between the 2p1/2 and 2p3/2 components. P2VP can undergo 

chemical coordination with metal species, facilitated by the electron lone pair in the 

polymer’s pyridinic N [35–37]. It is believed that the Al exists in a complex multi – oxidised 

state at this stage which includes Al - pyridinyl nitrogen bonding [38]. This type of metal – 

pyridine bonding has been observed for the P2VP-OH brush films that have been infiltrated 

with Cu through a liquid phase infiltration process [13]. 

Following the ALD process, Si1+ and Si3+ components become apparent in the Si 2p fit, with 

the 2p3/2 elements located at 100.4 and 101.9 eV binding energy, respectively (inset Figure 

2a). These peak positions are consistent with the binding energies of Si suboxide states as 

reported by Himpsel et al [39]. Another peak, it’s 2p3/2  component located at 103.0 eV binding 

energy, was required to obtain an accurate curve fit to the raw data, and, combined with the 

presence of Si1+ and Si3+ oxides, represents evidence of the interaction of the Al precursor 

with the SiO2 layer, resulting in the formation of Al-silicates (AlxSiyOz) at the polymer-SiO2 

interface. This confirms that the Al has fully penetrated the polymer film and chemically 

interacted with the SiO2 layer. 

The O 1s spectra in Figure 2 (b) for the P2VP film is made up of two components – the 

predominant signal at 532.6 eV binding energy represents a combination of C-O bonds in the 

polymer chain and Si-O bonds (SiO2 and Si sub oxides) in the layer below. The signal at 531.6 

eV binding energy is associated with carbon oxygen bonds that have arisen due to 

atmospheric exposure [13,40,41]. After ALD deposition, the peak profile of the O 1s 

significantly broadens. The Si-O (now also representing AlxSiyOz bonds), C-O signal coexists 

with two other components located at 531.7 and 533.7 eV binding energy. The former, fitted 

with a larger Gaussian component, represents a combination of C=O and oxidised Al bonds, 

while the latter represents hydroxyl Al groups [42,43].  

The oxygen plasma treatment results in a rise in counts for both the Si 2p and Al 2p signals 

(Figure 1 (a) & (b)), linked to the removal of the polymer film as evident by the significant 

reduction in the C 1s and N 1s signals after in situ processing. The Si1+ and Si3+ sub oxides 

Figure 1: XPS counts of the (a) C 1s, N 1s & Al 2p, (b) Si 2p and (c) O 1s core levels for the polymer pre and post ALD, and 
post O plasma processing. The counts presented are non-normalized and obtained from area under the curve calculations. 



remain, along with the AlxSiyOz component at 103.0 eV binding energy. The maximum of the 

Al 2p shifts 0.4 eV to 75.5 eV binding energy, which is consistent with the position of Al2O3 

reported in other studies [43,44]. However, the reported Al 2p binding energy of Al2O3 varies 

considerably in the literature [42,45–47] and as such the exact stoichiometry of the film is 

uncertain. While the binding energy and stoichiometry is debated, it is apparent that the 

observed shift to higher binding energy suggests a transition from a lower to higher oxidation 

state [48], and the substantial reduction in C and N signals confirms that a pure Al-oxide layer 

(AlxOy) remains above the SiO2 layer. For the O 1s, Al-O bonds now dominate the spectra, at 

the expense of the Si-O, C-O component due to polymer removal (Figure 1 (c)). A rise in 

hydroxyl Al groups is also observed. We note that the area of the Si-O/C-O component 

increases, consistent with the presence of a thin layer of Al oxide on the Si substrate, and this 

increase in intensity (from the SiO2 and Si sub-oxides signals) is greater than the intensity loss 

that the component experiences due to the removal of C-O bonds.  

 

Figure 2 (a): XPS spectra of the Si 2p and Al 2p. Al is observed after ALD processing, and shifts to a higher binding energy after 
the O plasma treatment. The Si 2p spectra shows evidence of sub oxide formation after the ALD step, suggesting Al interaction 
with the SiO2 layer. (b): O 1s XPS spectra. The peak sees significant broadening post ALD with the addition of Al-O bonds, with 
this signal dominating after the O plasma step. 

TEM & EDX 
TEM and EDX cross sections of the fabricated P2VP-OH films in the outlined process has 

previously revealed that the resultant polymer films are ~4 nm in thickness [12]. The images 



in Figure 3 show the resultant cross sections arising from the ALD and oxygen plasma process. 

The EDX mapping/TEM imaging of P2VP after the ALD process in Figure 3 (a-c) reveals that 

the Al exists in the polymer layer showing that the metal has infiltrated into the P2VP and has 

not been limited to growth on top of the film. The mapping images also show that the Al signal 

has reached the SiO2/P2VP interface. This correlates with the appearance of sub oxides and 

Al silicates in the insert of Figure 2 (a) for the Si 2p fit consistent with Al interacting with the 

SiO2 layer at the P2VP/SiO2 interface. 

The EDX and TEM images of the film following oxygen plasma processing in Figure 3 (d-f) 

reveal that a thin, uniform film of Al oxide now resides on the Si substrate, with no carbon 

remaining in the film, correlating with the XPS results. Furthermore, the decrease in film 

thickness is consistent with the subsequent increase in intensity for the Si0 and Si sub-oxide 

components as seen in the photoemission spectra. 

Conclusion 
By optimizing a conventional, relatively quick ALD process, thin layers of Al oxide have been 

successfully grown through the infiltration of a P2VP film, without the need for precursor hold 

times found in SIS-like approaches. Clear evidence of the brush layer being receptive to 

aluminium via a TMA and H2O recipe has been reported for the first time. Further work is now 

required to optimize the reported process for maximum precursor infiltration into the 

polymer. XPS and EDX-TEM cross-sectioning reveals that Al resides within the polymer film all 

the way through to the SiO2 interface, confirming that the brush layer is highly receptive to 

TMA infiltration. The reported results show a unique way of confirming whether a potential 

acceptor material can be entirely infused with a metal, through the detection of precursor 

Figure 3: EDX Al and C mapping images ((a), (b) respectively) and TEM (c) of the P2VP-OH film after ALD deposition. 
Both Al and C signals are detected in the film above the Si.  EDX mapping of Al (d) and C (e) and TEM after O plasma 
processing (f)). A uniform Al film of 3nm is observed with no C signal detected. The white dashed line in the EDX images 
shows where the Pt cap ends, and the film begins. 



interaction with the underlying substrate. A fast, simple oxygen plasma ashes the polymer 

and oxidises the Al, creating a uniform metal oxide layer. This concludes that thin brush layers 

can be quickly removed, without the loss of the ALD-infiltrated metal. The in-situ aspect of 

this process allows for the confirmation that polymer removal is complete. These results 

highlight the promising potential that P2VP and other brush films have in future ASD 

processes that seek to implement rapid ALD methods for device fabrication. 
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