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A B S T R A C T 1   

The growth chemistry and electrical performance of 5 nm alumina films, fabricated via the area-selective vapor 
phase infiltration (VPI) of trimethylaluminum into poly(2-vinylpyridine), are compared to a conventional plasma 
enhanced atomic layer deposition (PEALD) process. The chemical properties are assessed via energy dispersive X- 
ray spectroscopy and hard X-ray photoelectron spectroscopy measurements, while current – voltage dielectric 
breakdown and capacitance – voltage analysis is undertaken to provide electrical information of these films for 
the first time. The success and challenges in dielectric formation via polymer VPI, the compatibility of pyridine in 
such a role, and the ability of the unique and rapid grafting-to polymer brush method in forming coherent metal 
oxides is evaluated. It was found that VPI made alumina fabricated at temperatures between 200 and 250 ◦C had 
a consistent breakdown electrical field, with the best performing devices possessing a к value of 5.9. The results 
indicate that the VPI approach allows for the creation of alumina films that display dielectric properties of a 
comparable quality to conventional PEALD grown films.   

1. Introduction 

Top-down patterning approaches utilising photolithography have 
been essential in the continued miniaturization and development of 
semiconductor components. As devices scale below the 7 nm node, the 
complexity and cost in current patterning methodologies has led to the 
desire to develop bottom-up processes such as area selective deposition 
(ASD) that can replace or complement existing photolithography tech-
niques. [1–5] Such development would combat issues such as produc-
tion cost while ensuring the continued fabrication of miniaturised 
devices. [6–8] 

Through the use of chemical interactions across a surface, ASD al-
lows for the deposition of a material on certain regions of a surface while 
simultaneously denying growth in other regions, negating the need for 

masking steps found in conventional photolithography. [9] One 
pathway to achieving ASD is through polymer vapor phase infiltration 
(VPI). The technique involves exposing reactive polymer films to metal- 
containing precursors commonly used in atomic layer deposition (ALD) 
processes, with the objective of forming a metal oxide through a two- 
step process: (1) metal precursor sorption, transport, and entrapment 
in a polymer film, and (2) polymer removal and metal oxidation through 
an oxygen rich process. [10] By combining with non-reactive polymers 
that do not interact with the metal precursor, the process can be 
implemented into ASD applications through block copolymers (BCP) 
and covalently grafted polymer brush architecture. [11–13] 

While much work has focused on the synthesis and metal-infiltration 
into BCP/ASD suitable polymers, the electrical performance of the 
fabricated metal oxides formed via polymer VPI is of critical importance 
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if these processes are to be incorporated into semiconductor industry 
fabrication processes. Studies of metal oxides produced from metal 
infiltration into polymers for ASD purposes include the comparable re-
sistivity of In2O3 grown via Poly(methyl methacrylate) (PMMA) VPI and 
ALD as reported by Waldman et al., [14] and the successful testing of 
semiconducting ZnO nanowires obtained via VPI of diethylzinc into 
patterned SU-8 polymer templates by Nam et al. [15] 

Our previous work demonstrated the successful integration of poly 
(2-vinylpyridine) (P2VP) into a VPI based process for the area selec-
tive growth of ultrathin (5 nm) alumina, using trimethylaluminum 
(TMA) as the only precursor (a co-reactant was not required). [16] P2VP 
is a reactive polymer in ASD and BCP architecture, due to the nitrogen 
lone pair in the pyridine ring facilitating metal precursor interaction. 
P2VP can also facilitate the production of metal structures on the 
nanometre dimensional scale when incorporated into BCP systems, 
[17–20] making P2VP a desirable polymer for future ASD applications. 
However, knowledge concerning the electrical performance of the metal 
oxide post polymer removal has not been undertaken. This work pro-
vides new insight into alumina created via P2VP VPI, assessing the 
breakdown electrical field, dielectric constant and chemical properties 
of the film for comparison to a more standard ALD processes. 

2. Materials and methods 

P2VP-OH (6 kg/mol) brush films, covalently bonded to Si with a 
native oxide, were prepared using a rapid spin coating process. [21] This 
involved dissolving hydroxy terminated P2VP (6 kg/mol) (PDI: 1.04) in 
tetrahydrofuran (THF) to form a 0.2 wt% solution. The solution was spin 
coated onto p-type Si (piranha treated for OH termination) for 30 s at 
3000 rpm. The samples were then annealed for 60 s at 230 ◦C, before 
being ultra-sonicated in two baths of THF to remove any physisorbed, 
ungrafted polymer. Post processing ellipsometry measurements (Wool-
lam XLS-100) confirmed the expected polymer brush thickness of ≈5 
nm. [21] 

The TMA VPI optimised process involved exposing the P2VP brush to 
cycles of TMA in an ALD vacuum chamber (Oxford Instruments FlexAl, 
base pressure: 5 × 10− 5 Pa), which was coupled in-vacuum by a fast- 
transfer robotic handler to a Scienta Omicron X-ray photoemission 
Spectroscopy (XPS) chamber (monochromatic Al Kα X-ray source, base 
pressure 6.5 × 10–7 Pa) equipped with a 128 channel Argus CU detector. 
Transfer time between chambers is 1 min. Prior to entering the ALD 
chamber for TMA infiltration, the P2VP brush was cleaved to 2 cm2 in 
size and exposed to compressed N2 to remove dust particles. Once in the 
chamber, the samples were heated for 20 min at the desired substrate 
temperature (100–250 ◦C), with the chamber under flow of 200 SCCM 
Ar gas to ensure good thermal conductivity. The pressure of the chamber 
at this stage was kept at 26.7 Pa (200 mTorr). The cyclic VPI process 
could then begin, with one cycle consisting of (1) a 60 ms TMA dose, (2) 
a 2 min hold step where the chamber was kept in static vacuum and (3) a 
20 s TMA purge where pumping resumed and 200 SCCM of Ar was 
admitted into the chamber. The cycle was repeated until XPS revealed 
that saturation (no further intake of Al into the polymer) occurred. 
Polymer removal and Al oxidation was then achieved by a 15 min, 300 
W O2 plasma located in the ALD chamber. The flow of O2 was 100 SCCM, 
and the pressure during the plasma process was 5.3 Pa. 

The VPI films were fabricated at different temperatures in the range 
of 100 ◦C – 250 ◦C, predetermined to ensure the polymer was well below 
its degradation temperature (320 ◦C). [22] The VPI temperatures were 
also kept at or above the bulk glass transition temperature (Tg) of P2VP 
(≈100 ◦C), [23] which consequently minimised the effects of precursor 
condensation. These ‘VPI grown’ alumina films were compared to a 
200 ◦C plasma enhanced atomic layer deposition (PEALD) process, 
involving a 20 ms TMA dose (pressure capped at 11 Pa) and a 300 W O2 
plasma step set at 2 Pa for 2 s on the same p-type silicon. Following all 
processing steps, both VPI and ALD samples were heated to 400 ◦C and 
exposed to a 20 min, 50 sccm flow of Ar to lower the fixed oxide charge. 

[24] This was immediately followed by a H2 exposure under the same 
parameters to reduce interfacial state density (Dit) and charge trapping. 
[25] 

To prepare the alumina for electrical characterization, Cu was 
deposited on the films via thermal evaporation (Edwards E306A) 
through a Si mask with laser cut square openings. Optical microscopy 
revealed that this process yielded square contacts of (8.4 ± 0.6) × 10− 3 

mm2. 
Sample preparation for transmission electron microscopy (TEM) and 

energy dispersive X-ray spectroscopy (EDX) was performed by locating a 
clean defect free area on the sample of interest. A JEM-9320 focused ion 
beam (FIB) model from Jeol was used to prepare the lamella for TEM 
characterization. Prior to the thinning, the samples were coated with a 
gold layer to achieve a good electrical contact using a Dektak II coating 
system and a FIB-deposited coating layer of carbon to prevent milling 
and to protect the local interest area. A 30 kV Ga ion beam was used to 
mill and polish the cross section. 

3. Results and discussion 

Prior to sample removal from vacuum, the Si/SiO2/Alumina inter-
face was monitored in-situ by XPS via acquisition of Si 2p core level 
spectra, shown in fig. S1 of the supporting information (SI). The in-
tensities of the Si0 and Si4+ in the Si 2p XPS spectra were used in 
accordance with literature for an estimation of the SiO2 interlayer 
thickness. [26] This thickness was calculated as 0.6 nm and 0.7 nm for 
the PEALD and all VPI films, respectively, for the films post processing 
(alumina on silicon). All analysis will now be focused on the alumina 
samples post all processing steps. 

Cross-sectional energy dispersive X-ray spectroscopy (EDX) was then 
performed ex-situ on the 100 ◦C and 250 ◦C VPI films and compared to a 
35-cycle PEALD film. The resulting images are shown in Fig. 1 (a-c). 
Combined with cross-sectional TEM, Ellipsometry and XPS, all alumina 
films are in the range of 5.0 to 5.5 nm in thickness. 

Using thicknesses extracted from XPS/TEM/EDX, ellipsometry 
measurements used a Cauchy model for the calculation of the refractive 
index (n). [27] The calculated value of n at a wavelength of 650 nm for 
the PEALD film was determined as 1.48 ± 0.01, while the 100 ◦C and 
250 ◦C VPI films had similar values of 1.28 ± 0.01 and 1.29 ± 0.01 
respectively. The change in refractive index suggests that the alumina 
films made via the polymer VPI method are less dense than conventional 
ALD films, correlating with the in-situ XPS measurements further (fig. 
S2). Such behaviour has been previously witnessed by Cianci et al. 
during the VPI of TMA into PMMA films. [28] 

Hard X-ray photoelectron spectroscopy (HAXPES) core level spectra 
in Fig. 1 (d-e) compares the PEALD film to the 250 ◦C and 100 ◦C VPI 
processed films. The measurements were obtained at the National 
Institute of Standards and Technology beamline 7-ID-2, located at the 
National Synchrotron Light Source II (NSLS-II), Brookhaven, New York. 
A photon energy of 2.4 keV was used, with samples placed 5◦ from 
normal emission. The Si 2p was fitted in accordance to the literature, 
with the binding energy positions and peak widths fixed (with the 
exception of the Si4+ position). [29,30] All spectra have been charge 
referenced so that the Si 2p3/2 bulk peak (Si0), shown in Fig. 1 (d), for 
each dataset occurs at 99.4 eV binding energy. [31] Despite all processes 
using the same Si substrate, the intensity of the Si4+ peak is higher for 
the VPI films, with more intense Si3+ and Si1+ states witnessed also. 
These results cross compare well to the in-situ Si 2p spectra taken 
immediately after processing (Fig. S1). The plasma treatment during the 
polymer removal/metal oxidation process is attributed to the main 
cause of Si4+ growth, while increased Si dioxide – alumina interaction 
explains the increased sub oxide presence for the VPI films. [32,33] 
These effects demonstrate that the VPI process has more impact on the 
SiO2/Alumina interface than the PEALD film, which has relevance to the 
following CV analysis. 

No chemical difference in the alumina can be extracted between the 
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different VPI temperatures via photoemission. As in the O 1 s spectra 
(fig. S3), a slight shift (0.2–0.3 eV) to higher binding energy is observed 
in the peak maxima position for the Al 2p spectra in Fig. 1 (e) for the 
PEALD film. The range of binding energy positions for the Al2O3 in Al 2p 
spectra is broad, with reported positions overlapping with the hydrox-
ides Al(OH)3 and AlO(OH) according to the NIST database. [34] Due to 
the presence of OH in the FTIR spectra (fig. S4), it is reasonable to 
conclude the presence of significant hydroxyl groups in all films. Addi-
tionally, OH groups in the alumina film are reported to cause a shift to 
higher binding energy both in aluminium and oxygen core level spectra. 
[32–36] It can therefore be concluded that the PEALD film contains a 
higher amount of hydroxyl groups, arising from the growth process 
within the ALD chamber. Previous work in PEALD of alumina using TMA 
has reported increased concentrations of oxygen and hydrogen in the 
film, particularly at temperatures below 200 ◦C. [37,38] This effect is 
not attributed to differences in adsorbed water on the surface post at-
mosphere exposure, because the shift was also observed before samples 
left vacuum. 

Current – voltage (IV) plots were obtained to compare the break-
down electric field (Eb) of the VPI method to PEALD. Each process was 
analysed twice – with one Weibull distribution corresponding to testing 
across multiple sites on a single sample. Sample IV plots displaying the 

breakdown voltage (Vb) are shown in Fig. S5 of the SI. The resulting 
Weibull distributions of Eb are shown in Fig. 2 (a). Only datasets with a 
clear breakdown (as demonstrated in Fig. S5) contributed to the distri-
bution. The Weibull slope (β) and the 63% breakdown field value (Eα) 
are displayed in the plot legend. 

It has been reported that the breakdown field of ALD grown Al2O3 is 
typically in the range of 5 MV/cm to 10 MV/cm. [39,40] While a high 
breakdown field is a desired result, indicating electrically insulating 
Al2O3 has been obtained, caution must be applied as the capacitors are 
effectively a bi-layer oxide stack. The presence of an interlayer of SiO2 is 
expected to have an impact on the breakdown field even at thicknesses 
below 1 nm, [41] with increasing breakdown fields as the SiO2 inter-
layer thickness increases. Our results show the breakdown field of the 
250 ◦C and 200 ◦C VPI processes fall within the expected range (6.2–7.5 
MV/cm), with a β value between 0.94 and 2.22. The 100 ◦C VPI sample 
breakdown exceeds this (8.9–12.3 MV/cm), but possesses the lowest β 
value (0.54–0.60), indicating this VPI process temperature is the most 
inconsistent electrically. The PEALD sample breakdown field was 
determined as the highest (11.8–13.9 MV/cm), with a β value deter-
mined between 0.60 and 0.74. 

Capacitance – voltage (CV) profiles taken at 120 kHz are shown in 
Fig. 2 (b), where each sample was scanned from inversion to 

Fig. 1. (a-c) EDX cross sectional images of (a) 100 ◦C VPI, (b) 250 ◦C VPI and (c) 200 ◦C PEALD. Elemental maps of Al and the Au capping layer are shown. (d-e) 
HAXPES spectra of (d) Si 2p and (e) Al 2p. Peak maxima positions for the Al 2p are labelled. 

Fig. 2. (a) Weibull distribution of EB. Eα and β values shown. A single distribution represents testing across multiple sites on a single sample, with 2 samples per 
process analysed. (b) Sample CV sweep. Multiple sweeps were performed at different sites for each sample. 
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accumulation (trace) and back (retrace). The CV profile for the 100 ◦C 
VPI film was impacted by a significant amount of hysteresis. This hys-
teresis is linked to trapped charge in the film, which is causing this film 
to have a lower accumulation capacitance (Cacc). This result may also 
explain the high EB and inconsistent behaviour observed of the 100 ◦C 
VPI film for the IV analysis. A notable feature from Fig. 2 (b) is that the 
level of CV hysteresis for the 200 ◦C and 250 ◦C VPI samples is lower 
than the PEALD sample, indicating a lower density of defects in the 
200 ◦C and 250 ◦C VPI samples which have capture and emission time 
constants longer than the time associated with the CV sweep. 

To determine the dielectric constant of the alumina films, (кalumina), 
Calumina was determined from 1/Cacc = 1/CSiO2 + 1/Calumina. The accu-
mulation capacitance was measured across multiple sites for each 
sample. CSiO2 was calculated theoretically, with the assumption that the 
к value for the SiO2 layer for both films was 3.9. [42] The calculated к 
value for the PEALD film at 120 kHz was determined as 5.0 ± 1.1, which 
was surpassed by the VPI 250 ◦C (5.4 ± 0.3) and VPI 200 ◦C (5.9 ± 0.9) 
films (the VPI 100 ◦C was lower at 3.9 ± 0.6, but disregarded due to the 
large amount of trapped charge). While smaller contacts are desired for 
a potentially more accurate assessment of the true к value, the ability of 
the VPI approach to compete with the PEALD film is observed. 

All VPI films contained an extended transition from inversion to 
accumulation, when compared to the PEALD film. This suggests a higher 
concentration of Dit are present via the VPI approach. [43–45] This 
correlates with the observations seen in the HAXPES Si 2p analysis in 
Fig. 1 (d) – the impact that the VPI process has at the Si/SiO2/alumina 
interface, at any temperature, causes a degradation in the performance 
of the VPI films as capacitors. 

It is also noted that a significant inversion capacitance is observed on 
the PEALD film, despite the high frequency (120 kHz) range used. This is 
not expected for typical minority carrier lifetimes in silicon, [46] and 
has been previously attributed to ‘peripheral inversion’ where charge 
exists in the oxide (both at the surface and within the layer) in the region 
outside the area under the gate electrode. [47] This effect has previously 
been witnessed for Al2O3 on Si processed via ALD, at annealing tem-
peratures of 500 ◦C. [48] Combined with the negative flatband shift seen 
only in the PEALD film, there appears to be an abundance of positive 
charge. This is despite the use of O2 plasma for both processes, and the 
increased hydroxyl presence observed via HAXPES in the PEALD film. 

4. Conclusions 

Alumina films fabricated via an area selective process implementing 
the VPI of TMA into P2VP films have been characterised chemically and 
electrically, with several key points observed for the further improve-
ment of the VPI film performance. The process has been shown to pro-
duce alumina films that have electrical properties that closely resemble 
PEALD films grown in a similar temperature regime. The VPI films 
processed in the temperature range of 200–250 ◦C had a highly 
consistent breakdown field during IV sweeps, surpassing the PEALD 
reference in reliability. While the PEALD film can be associated with a 
higher overall breakdown voltage, the 200–250 ◦C VPI films matched it 
when calculating the к value from Cacc. It can also be concluded that 
lower temperature VPI films result in undesirable effects such as a large 
EB distribution, low Cacc and a high concentration of trapped charge. 
Finally, it was found that the VPI films can be further optimised if the 
densification of the VPI made alumina, and the reduction of Dit present 
in the film is enacted. Investigating parameters such as polymer mo-
lecular weight may address the former, while the reduction of Dit may be 
overcome through optimisation of the polymer removal/metal oxidation 
step of the VPI process. 
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