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A B S T R A C T   

Silicon dioxide (SiO2) is ubiquitous in biomedical diagnostics and other applications as a capture medium for 
nucleic acids and proteins. Diagnostic devices have seen rapid miniaturisation in recent years, due to the 
increased demand for portable point-of-care diagnostics. However, there are increasing challenges with incor
porating SiO2 nanostructures into diagnostic devices, due to the complexity of nanostructured SiO2 synthesis, 
often involving etching and chemical vapour deposition under high vacuum conditions. 

We report a novel and straightforward method for deposition of high-quality, nanoscale SiO2 films and 3D 
SiO2 structures using thermal decomposition of polydimethylsiloxane (PDMS), in a furnace at atmospheric 
pressure at 500 ◦C. This method allows individual nanometre controllability of conformal pinhole-free layers on 
a variety of materials and morphologies. The temperature ramp rate is a key factor in determining the SiO2 
deposit morphology, with slower ramp rates leading to highly conformal 2D films and faster ones yielding 3D 
nanodentrite structures. For the 2D films, the film thickness, as determined by spectroscopic ellipsometry and 
confirmed by SEM data, is shown to correlate excellently with initial PDMS source material mass in the thickness 
range 0.8–18 nm. Fits to ellipsometry models confirm that the refractive index of the deposited film matches the 
expected value for SiO2, while electrical breakdown measurements confirm that the breakdown strength of the 
films is comparable to that of high-quality thermal oxides. Depositions on high aspect ratio ZnO nanostructures 
are shown to be highly conformal, leading to core-shell ZnO-SiO2 nanostructures whose shell thickness is in 
excellent agreement with the expected values from deposition on planar substrates. At faster ramp rates an 
abrupt morphological transition is seen to a deposit which displays a 3D nanodentrite morphology. The possi
bilities for applications of both morphologies (and core-shell combinations with other nanostructured materials) 
in biosensing and related areas are briefly discussed, and the DNA capture capabilities of each nanostructure are 
measured. The high aspect ratio nanodendrite structures allow for significant DNA capture within microfluidic 
devices in the presence of low DNA concentrations, with a maximum average capture efficiency of 43.4 % 
achieved in the presence of 10 ng/mL of DNA, which is an improvement by a factor of ~ 3 over planar Si 
surfaces. Improvements by factors of >10 over planar surfaces were achieved at higher DNA concentrations of 
100 and 1000 ng/mL.   

1. Introduction 

1.1. SiO2 importance in biomedical and related applications 

Silicon dioxide (SiO2) is one of the most widely utilised materials in 
biomedical and related applications, due to its relative biocompatibility 
and affinity for DNA and protein interactions compared to other 

commonly used materials like gold and silver. However, incorporating 
SiO2 materials and structures into portable, lab-on-a-chip (LoC) based 
technologies has proved challenging [1]. Traditionally, lab based 
nucleic acid detection is performed using SiO2 microbeads, however, 
incorporating these microbeads into microfluidic channels produces 
inconsistent and irreproducible results [1,2]. Recently, there has been a 
shift towards the use of Si and SiO2 micropillars in microfluidic LoC and 
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biosensing devices to overcome these challenges [3–6]. These micro
pillars are not only useful for DNA analysis, but a variety of other ap
plications in areas like cell biology [7], targeted drug delivery [8], and 
photovoltaics [9] etc. 

1.2. Challenges in the fabrication of nanostructured SiO2 and potential 
for synergistic leveraging of properties of other materials 

It is clear that micro- or nanostructuring of the SiO2 will increase the 
surface area per unit volume of material and this is a particularly 
promising route for exploration in this area of materials science [10,11]. 
However the creation of SiO2 nanostructured deposits is quite chal
lenging, due to the complexity of SiO2 deposition and structuring 
methods, often involving etching and chemical vapour deposition (CVD) 
under high vacuum condition [3]. 

By contrast, other metal oxide materials, notably ZnO, readily form a 
variety of high surface to volume ratio nanostructured morphologies 
using both chemical bath and physical vapour deposition methods, in a 
self-assembled bottom-up manner. However, the surface properties of 
ZnO differ significantly from SiO2, and hence their interaction with 
biological species such as nucleic acids and proteins is quite different to 
that of SiO2 [12–15]. 

The ability to create nanostructured SiO2 deposits using relatively 
simple laboratory-based methods is thus an important research chal
lenge, whose successful attainment should enable significant advances 
in research areas such as biosensors and biomedical devices. 

1.3. Novel method for realisation of nanoscale SiO2 deposits to overcome 
these challenges 

We report here a novel and straightforward method for deposition of 
high-quality, nanoscale SiO2 films and 3D SiO2 structures using thermal 
decomposition of polydimethylsiloxane (PDMS), in a furnace in atmo
spheric pressure at 500 ◦C. When used for 2D films, this method allows 
individual nanometre controllability of conformal pinhole-free layers on 
a variety of materials. This can then be used in conjunction with other 
bottom-up nanostructured oxides such as ZnO, which allows the crea
tion of high surface to volume ratio core-shell nanostructures with SiO2 
outer shells whose surface properties are well suited to interactions with 
biological species, and are well understood and indeed can be further 
tailored and customised using surface treatments such as plasma expo
sure. The ability to grow SiO2 shell layers of thicknesses < 10 nm con
formally is extremely important because it means that the original 
morphology and surface to volume ratio of the core nanostructures will 
be faithfully preserved, whereas a much thicker shell layer could blanket 
the original core nanostructures completely. Furthermore the core-shell 
structure using conductive oxide cores such as ZnO may enable addi
tional device functionality and selectivity by the use of voltages applied 
to the network of core nanostructures. The nanostructured morhology 
will also lead to significant field enhancement effects which would in
crease interactions with charged species in solution. 

When used for 3D nanostructures this deposition method yields a 
deposit with a bottom-up 3D nanodentrite structure with an intrinsically 
high surface to volume ratio. 

2. Methods 

2.1. ZnO scaffold synthesis 

ZnO nanorods (NRs) were synthesised using both chemical bath 
deposition (CBD) and physical vapour deposition (PVD) technicques. 
The ZnO scaffolds were grown using a three-step process; firstly chem
ical solution seeding, followed by CBD, and finally carbothermal 
reduction vapour phase transport growth (CTRVPT). 5 mM of zinc ac
etate dihydrate in anhydrous ethanol was used for the seeding. 4 µL/cm2 

of this solution was drop coated onto a clean silicon wafer substrate and 

allowed to evaporate for 20 seconds before being rinsed with fresh 
anhydrous ethanol and dried immediately with a nitrogen stream. This 
was repeated for a total of 5 dropcoats. The substrates were then 
annealed for 20 minutes at 350 ◦C to create ZnO seed layers. Seeded 
substrates were then submerged in 40 mL of a 25 mM solution of zinc 
acetate dihydrate in deionsed water at 65 ◦C. The substrates were 
removed from the bath after 90 minutes and rinsed with deionsed water 
and left to dry in air. This results in the growth of sufficiently dense array 
of ZnO NRs that can be considered a compact ZnO film which we call the 
buffer layer. It is from this buffer layer that CTRVPT NRs were grown. 60 
mg of both ZnO and graphite powders were carefully mixed via mortar 
and pestle to a create a homogenous powder which was spread across a 2 
cm length of an alumina crucible. Substrates coated in the ZnO buffer 
layer were suspended directly above the ZnO/graphite mixture and the 
alumina boat containing sample and powder was loaded into a single 
temperature zone horizontal tube furnace (Lenton Thermal Designs). 
The boat was heated to 925◦C under a 90 sccm argon flow and this 
temperature was maintained for 40 minutes. Further details may be 
found in previous reports from our group [16,17]. 

2.2. SiO2 Coating 

Planar substrates (both Si wafer coupons and ZnO thin films), as well 
as ZnO nanostructured deposits were coated in SiO2 using a novel PVD 
technique developed by our group, which is based on the thermal 
decomposition of polydimethlysiloxane (PDMS) in air. The technique is 
similar to that reported in our previous work, but with some slight dif
ferences which enable nanometre-scale control of film thickness, and 
also deposit morphology [18]. To briefly summarise, varying masses of 
PDMS were placed at one end of an alumina crucible, with the substrates 
positioned at the opposite end, 5.5 cm away from the block of PDMS, 
lying across the boat in the manner shown in Fig. 1. This alumina boat 
was positioned inside a hollow quartz tube (3.8 cm inner diameter), and 
the quartz tube was placed in the centre of a muffle furnace (Nabertherm 
Muffle Furnace LT 3/11/B410), with the samples to be coated located 
between the PDMS block and the furnace exhaust. For the case of sub
strates ≤ 1 cm2, which were too narrow to be suspended across the 
alumina crucible, we placed substrates on top of a larger Si wafer piece 
which was suspended across the crucible. The furnace was heated to 500 
◦C using ramp rates from 1 ◦C/min up to 40 ◦C/min, and this temper
ature was maintained for two hours. The amount of deposit is controlled 
by the PDMS mass. The temperature ramp rate allowed us to control the 
deposit morphology, with slower ramp rates leading to highly conformal 
2D films with an abrupt transition at a heating rate of > 2 ◦C/min to 
deposits with 3D nanodentritic morphologies. 

The experimental configuration is largely similar to that reported in 
our previous work [18]. In that previous work small pieces of Si were 
used to mark portions of the substrate during growth to enable subse
quent profilometry measurements of SiO2 deposit thickness. Using this 
method we determined using contact profilometry that 6 mg of PDMS, 
heated to 500 ◦C at a rate of 1 ◦C/min provides an SiO2 thickness of 
25-50 nm. Since that work we have altered our standard characterisa
tion protocols to use spectroscopic ellipsometry (SE) to routinely mea
sure deposit thicknesses, with occasional use of FESEM to confirm the SE 
measurements. The removal of the masking Si pieces has had a signifi
cant effect on the vapour flow close to the substrate and had led to a 
significantly reduced deposition rate, allowing much thinner films to be 
deposited with thicknesses as low as 0.8 nm, as shown below. 

The properties of the 2D films were compared to those of a thermal 
SiO2 film of the same thickness, supplied by an industrial partner. 

2.3. Characterisation 

The SiO2 deposited using this approach was characterised using x-ray 
photoelectron spectroscopy (XPS) using a Scienta Omicron x-ray 
photoelectron spectrometer with a monochromated Al Kα source 
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(1486.7 eV), as well as by scanning electron micropscopy (SEM) using a 
thermionic emission Karl-Zeiss EVO LS15 scanning electron system, 
with a LaB6 filament and a Hitachi S5500 Field Emission SEM (FESEM) 
with energy-dispersive x-ray spectroscopy (EDX) capabilities. The film 
thicknesses and refractive indices were characterised by SE using a J.A. 
Woollam M-2000UI spectroscopic ellipsometer. SE data was analysed 
using the Woollam CompleteEASE software, and was fit with the Oxide 
on Si model (i.e. a planar SiO2 film on Si with native oxide) to extract 
thickness values. Atomic force microscopy (AFM) data were acquired 
using a Bruker ICON AFM system in PeakForce Tapping ScanAsyst 
mode. AFM measurements were performed with a scan rate of 0.5 Hz 
and with 512 samples per line. 

Electrical breakdown characterisation of the SiO2 films was per
formed in an in-house system based on a Keithley 4200 semiconductor 
characterisation system, with voltages up to 21 V applied to the samples 
via a probe station. A 12×12 array of rectangular Au contact pads (area 
(4.8 ± 0.8) × 10− 3 mm2) were deposited using an Edwards AUTO 306 
vacuum coater. An Au wire was evaporated using a tungsten filament 
operated under a ~ 2.5-3.0 kV voltage and ~ 20 mA current. The data 
were analysed using a 2-parameter Weibull distribution [19,20]. 

2.3. DNA Capture 

The DNA capture capabilities of each nanostructure morphology 
were investigated under flow within a microfluidic chip, and schematic 
diagrams of the chip design can be seen in the electronic supporting 
information (ESI; fig. S.1) alongside a description of the fabrication and 
assembly procedure. DNA solutions were made of calf thymus DNA 
dissolved in a binding buffer solution (20:1 ratio of deionised water and 
Qiagen PB buffer). The microfluidic channels were 14×3×0.086 mm in 
size (l x w x h) and 1 mL of DNA solutions of various concentrations (10, 
100, and 1000 ng/mL) was flowed over the nanostructures at a rate of 30 
μL/min and then into a beaker for collection. Fluorescence spectroscopy 
of the DNA solutions before (DNAi) and after (DNAf) flowing through the 
microfluidic chips allows us to calculate the amount of DNA captured 
(DNAc) by the nanostructures by the following equation: 

DNAC = DNAi − DNAf (1) 

DNA concentrations were measured using the Quant-iT PicoGreen 
dsDNA Assay kit. The assays were performed in a 96-well plate, where a 
1:1 aliquot of sample and dye (100 μL each) was placed in each well, 
with the binding buffer serving as the background. The plate was 
covered in reflective foil, and the samples and dye were left to incubate 

for 5 min before being placed in a Tecan Infinite Pro 200 M Plex spec
trofluorometer for measurement. The excitation (λex) and emission (λem) 
wavelengths were 480 nm and 520 nm, respectively. 

3. Results and Discussion 

3.1. Effects of temperature ramp rates on deposit morphology 

We have examined the effect of changes in the ramp rate of the 
furnace from 1 ◦C/min up to 40 ◦C/min in our new growth configura
tion, since previous work has established that the temperature ramp rate 
is a significant parameter in the decomposition of PDMS. Since the 
products of the thermal decomposition of PDMS depend on the tem
perature ramp rate, this affects the degree of depolymerisation [18,21, 
22]. SEM data for these studies is shown in Fig. 2 below, in both plan 
view and cross-sectional view. 

At the lowest heating rates (1 ◦C/min) flat thin film deposits are seen 
for PDMS masses up to ~ 65 mg, which will be studied in more detail in 
Section 3.2 below. We note that evidence of very small 3D dendritic 
structures is seen when using large PDMS masses (≥ 70 mg) even at the 
lowest heating rates. 

At a heating rate of ~ 2–3 ◦C/min however a sharp change in the 
deposit morphology is seen, whereby the deposited material no longer 
forms a thin planar film but rather a nanoscale 3D dendritic structure. 
We have explored heating rates up to 40 ◦C/min and the dendritic 
morphology is observed up to the maximum heating rate obtainable in 
our furnace (40 ◦C/min). Previous studies of the thermal degradation 
mechanisms of PDMS report that PDMS will form ceramic silicon oxy
carbide at high heating rates [21]. However, EDX analysis of the SiO2 
structures shown in Fig. 2 and the ESI (Fig. S.2) confirms pure SiO2 
stoichometry, with 20 and 40 ◦C/min dendritic structures having Si:O 
ratios of 1:2.1 and 1:1.9 respectively. 

The SEM data are supported by our SE measurements and fits to the 
Oxide on Si model, as shown in Fig. 3 below. The SE data for the samples 
grown with a heating rate of 1 ◦C/min all fit the model very well, with an 
MSE of < 10. By contrast, attempts to fit the samples with the 3D den
dritic structures with the same model yielded extremely poor fits (MSE 
of > 100), as expected given the model used. 

The deposition configuration resembles that of glancing/oblique 
angle deposition (GLAD) techniques which produce characteristic 
porous nanostructures at precise deposition angles [23]. However, these 
techniques are often performed by magnetron sputtering under vacuum, 
and it is the high kinetic energy vapour species that do not undergo any 

Fig. 1. (a) Schematic diagram of PDMS-based SiO2 deposition. (b) Labelled components of PDMS-based SiO2 deposition.  
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collisions between source and substrate that give rise to well-defined, 
tilited nanostructure arrays [24]. The deposition reported in our work 
is rather different since it is performed by evaporation in air at atmo
spheric pressure, giving rise to low kinetic energy vapour species. 
Nonetheless we believe that the large interspacing of the 3D dendritic 
structures in Fig. 2 very probably arises from the shadowing effects 
which are commonly seen in GLAD processes [25]. 

As noted in Section 1.2, the creation of SiO2 nanostructured deposits 
is quite challenging and thus this morphological transition is an inter
esting feature since it offers an effective route for the direct bottom-up 
creation of nanostructured SiO2 in a straightforward manner. 

3.2. Studies of SiO2 thin films deposited using slow heating rates 

As noted in Section 3.1, the SiO2 films deposited at the lower heating 
rates show a thin film morphology, with the film thicknesses linearly 
dependent on the mass of PDMS used. Fig. 3 shows a regression plot of 
the thickness of the SiO2 films deposited at a heating rate of 1 ◦C/min 
versus the mass of PDMS source material used. There is an excellent 
correlation, and one can see that ultra-thin SiO2 films with thicknesses 
down to ~ 1 nm can be reliably and reproducibly grown using this 
method. The results in Fig. 3 demonstrate a high degree of thickness 
controllability at an individual nanometre scale. Large increases in 

Fig. 2. SEM data showing effects of heating rate on SiO2 deposition morphology using a constant PDMS mass of 70 mg. Cross-sectional images are shown on the left 
and the corresponding plan-view image is shown on the right. The scale bar in all images represents 1 μm. 
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source mass are required to increase the SiO2 deposition by sub
nanometre thicknesses. This deposition process demonstrates excellent 
controllability, despite the fact that it is performed at atmospheric 
pressure using a relatively simple experimental geometry. 

AFM data of these SiO2 thin films are shown in Fig. 4, as well as data 
from a thermal oxide provided by an industrial partner. The data for 
PDMS-based depositions are quite featureless, speaking to the flat, thin 

film morphology, which is confirmed by the cross-sectional FESEM data 
of the Au/SiO2 structure shown in Fig. 5 (the residual roughness in these 
images being due to the granularity of the Au layers). 

The growth technique leads to successful deposition on both Si and 
ZnO materials, with similar deposited thicknesses when using the same 
PDMS source material mass. 

The coatings also display excellent conformality, which is shown by 
the FESEM and EDX data in Figs. 5 and 6. The data in Fig. 5 show the 
confirmality of the coating on uneven Au films with various SiO2 
thicknesses, while the data in Fig. 6 show the conformality of coating on 
physical vapour deposited ZnO NR cores with a nominal 10.5 nm SiO2 
shell deposition. 

The data in Fig. 6 show an excellent conformal coating morphology 
at the single NR level on structures which are very different to planar 
substrates, as the regression line in Fig. 3 predicts a SiO2 thickness of 
11.2 nm. Further STEM, SEM and EDX data on similar structures are 
shown in the ESI (Figs. S.3 and S.4). The average nominal shell thickness 
(11.2 nm), determined from the mass of PDMS source material (43.6 
mg) using the regression line in Fig. 3 is in excellent agreement with the 
measured shell thicknesses on individual NRs determined using the EDX 
data from the FESEM system (10.5 ± 3.0 nm). This again indicates that 
the deposition technique is not strongly dependent on the substrate 
material. 

The conformality, and full coverage (i.e. absence of pinholes), of the 
thin films was studied using both AFM (as shown in Fig. 4) and XPS. We 
used XPS to investigate SiO2 coatings deposited on flat ZnO buffer layers 
(under similar conditions to those deposited on Si substrates), the latter 
to provide elemental discrimination between film and substrate. 

Fig. 3. Thickness vs PDMS source mass determined via SE. The slope is 0.256 ±
0.010 nm/mg, and the intercept is -0.015 ± 0.335 nm, with an r2 value of 
0.984. The error bars represent the standard deviation from five independent 
measurements of each sample. 

Fig. 4. AFM data of nominal 11.5 nm SiO2 films. (a) PDMS-Based SiO2 and (b) industrial thermal oxide.  
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The Zn 2p signal was specifically studied to determine coverage of 
the two coating methods. The electron inelastic mean free path of ~ 1–2 
nm means that for uniform and full coverage films the Zn 2p signal 
should be virtually undetectable for thicknesses ≥ 10 nm given our Al Kα 
x-ray source [26–28]. The XPS results for depositions on planar sub
strates can be seen below in Fig. 7. 

The XPS results show the full coverage and conformality of our PDMS 
based deposition. The PDMS deposition shows clear supression of both 
Zn peaks located at 1022 and 1045 eV with coating thicknesses of ~ 10 

nm, which is at the limit of XPS sensitivity for electrons with a kinetic 
energy of <500 eV. In a conformal, uniform, dense and pinhole-free 
coating, the concentration of photoelectrons emanating from an un
derlying layer of this thickness will be beyond the detection limits of 
conventional XPS, which is what we see in the samples coated with 
PDMS deposited SiO2. This effect is further illustrated by the O 1s 
spectra which shows two peaks, with the lower energy peak (531.5 eV) 
indicating the metal oxide bonding of ZnO, and the higher energy peak 
(533.5 eV) being that of the insulating SiO2. With increasing PDMS 

Fig. 5. Cross-sectional FESEM data of planar SiO2 films. PDMS-based SiO2 films (dark regions) were deposited between e-beam evaporated Au layers (bright regions) 
to obtain sufficient contrast for imaging. The substrate is at the top of the image. 

Fig. 6. (a) FESEM image of a core-shell ZnO-SiO2 NR with an aspect ratio of 20 (Inset: Lower magnification SEM image of vertically aligned CTRVPT ZnO NR array 
tilted by 30◦). (b), (c), and (d) corresponding EDX images of the characteristic O, Si, and Zn x-ray emission from (a). 
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mass, we see a decrease in the 531.5 eV peak intensity and an increase in 
the 533.5 eV peak intensity. 

Quantitative analysis of the PDMS based deposited films in Fig. 7 
shows the atomic percentage of Zn decreases from 19.81 % in uncoated 
ZnO, to 17.05 %, 6.28 %, 2.18 %, 2.00 %, 1.03 %, and 0.00 % with 10+
nm of SiO2. Corresponding Si 2p signals are 0.00 %, 13.12 %, 21.24 %, 
25.92 %, 27.75 %, 31.96 %, and 38.65 %. The Zn and Si 2p atomic 
percentages are approximately equal for 11 and 16 nm of SiO2. 

We have also performed XPS measurements on PDMS deposited SiO2 
films on nanostructured (i.e. non-planar) ZnO NR substrates. These data 
are shown in the ESI (Fig. S.5), demonstrating even, conformal and 
completely pinhole-free coverage of such nanostructured substrates. 
Specifically we have coated ZnO NR arrays with varying aspect ratios 
(0.5 and 25), to create our core-shell structures. The PDMS based 
deposition method also allows multiple depositions using smaller 
masses to be performed to accumulate the same thickness as a single 
deposition of the equivalent cumulative mass, allowing the precise 
determination of required mass for a given thickness. 

A comparison of Zn 2p intensity of flat ZnO layers coated in one, two 
and three cycles of 6 mg PDMS-based depositions, with samples coated 
with either one cycle of 12 or 18 mg PDMS is shown in Fig. 8a, showing 
excellent agreement in relative intensities, with only slightly increased 
coating efficiency with multiple smaller depositions, indicating that the 
SiO2 vapour does not show significant preferential deposition on SiO2 

substrates. The Zn 2p peak is shown because it has a much higher 
relative sensitivity factor than Si 2p, and O 1s (28.72 versus 0.817 and 
2.93, respectively, used in CasaXPS), allowing us to better visualise 
small changes in the coating thicknesses [29]. The same depositions 
were performed on bare silicon wafers and the thicknesses were 
measured using SE. The SE data in Fig. 8b shows that n deposition cycles 
of a given mass x will return a final thickness equal to n times x (n.x) to a 
high degree of accuracy. The result is quite important as it may allow flat 
SiO2 film thicknesses greater than 18 nm to be achieved without creating 
dendritic structures (which begin to be observed when using PDMS 
source material masses greater than ~ 65 mg). 

We also coated a silicon substrate in two cycles of PDMS-based SiO2 
using 40.1 mg of PDMS with the aim of achieving a 20.5 nm deposition 
(based on the equivalent total PDMS mass used), as shown in Fig. 8(C) 
and (d). The lack of features in Fig. 8(D) indicates a flat 2D film depo
sition. The SE fit determined a thickness of 21.4 nm. Cross -sectional 
SEM shows the film is less uniform than the < 18 nm coatings of Fig. 5. 
However, the film is more uniform than the single 70.0 mg deposition 
(1◦C/min images of Fig. 2) despite the equivalent mass of this deposition 
being 80.2 mg. These larger structures may be a consquence of the 
glancing incidence angle between the PDMS-generated vapour and the 
substrate, which is known to significantly affect deposit morphology in 
GLAD techniques [23,25]. A combination of surface trapping and 
shadowing effects could give rise to these uneven deposits once a 

Fig. 7. (a) FESEM image of compact CBD ZnO planar NR films used to study SiO2 deposition on non-Si substrates. (b) XPS spectra of the O 1s orbital region of sample 
(a) coated using varying amounts of PDMS. (c) XPS spectra of the Si 2p orbital region (d) XPS spectra of the Zn 2p orbital region. 
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significant amount of vapour is generated from larger PDMS source 
masses. Further investigation of the effects of deposition angle on 
morphology will be undertaken in the future.We show some additional 
results on this topic using ZnO NR arrays in the ESI (Fig. S.6). 

As mentioned in section 1.3, the core-shell structure using conduc
tive oxide cores such as ZnO may enable additional device functionality 
and selectivity by the use of voltages applied to the network of core 
nanostructures. We have therefore tested the electric breakdown char
acteristics of our PDMS deposited films, and compared them to high- 
quality thermal oxide films of the same thickness. These data were 
analysed using a 2-parameter Weibull distribution [19,20], The data and 
fits to the linear regions of the datasets are shown in Fig. 9 for the PDMS 
deposited films and high-quality thermal oxide films. The film thick
nesses are 11.5 nm ± 0.5 nm in both cases, enabling meaningful com
parison of the films’ electrical stability. 

The breakdown strengths of the PDMS deposited SiO2 and the in
dustrial thermal oxide can be found from the slopes and intercepts of the 
linear portion of the data in Fig. 9 using the two parameter Weibull 
distribution which has the following formula for the cumulative prob
ability of failure (i.e. the fraction of failed devices), F: 

F = 1 − e
−

(
Eb
η

)β

(2) 

There are two fit parameters, η and β. The slope of the fit line (when 
plotted in the linearised form in Fig. 9) equals β and the intercept equals 
–βln(η). The quantity η represents the scale parameter or 63 % value, i.e. 
the breakdown field (Eb) when ~ 63 % of the sample set have undergone 
dielectric breakdown, and is a measure of the breakdown field for the 

Fig. 8. Comparison of multiple cycles of PDMS-based SiO2 deposition and single cycles of equivalent total mass showing (a) XPS data for deposition on planar ZnO 
and (b) SE data for deposition on bare silicon substrates, where the straight red line is the best fit line (c) cross-sectional SEM and (d) top-down SEM images of an SiO2 
film deposited by two consecutive deposition cycles of 40.1 mg of PDMS each. The scale bars in (c) and (d) represent 1 μm. 

Fig. 9. Weibull distribution plots of breakdown field comparing different 11.5 
nm SiO2 films. F indicates the cumulative probability of failure and Eb indicates 
the breakdown field (in MV/cm). The best fit lines are indicated by solid lines of 
the appropriate colour in the linear fitted regions of the two data sets. The r2 

values are 0.982 and 0.991, for the PDMS and thermal oxide films, respectively. 
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films. β represents the shape parameter or Weibull slope. The slope and 
intercept values of the linear fits are in Table 1: 

Based on the fits, the values of η for the PDMS and thermal oxide 
films were found to be 10.84 ± 0.05 MV/cm and 11.30 ± 0.03 MV/cm, 
respectively. These values are quite close to each other, and are also very 
close to the expected breakdown field of SiO2 of ~ 10 MV/cm [30]. The 
PDMS-based film displays similar leakage current to the thermal oxide at 
electric fields of 6.5 MV/cm and lower. Above this field strength, the 
leakage current steadily increases to a single order of magntiude greater 
at ~ 11.5 MV/cm, at which point breakdown occurs, as shown in Fig. 10. 
This leakage current is lower than values from the literature for SiO2 
as-deposited by atomic layer deposition (ALD) and comparable to 
annealed ALD samples, and is much lower than SiO2 films grown by CVD 
methods (as-deposited and post anneal) [31,32]. 

These measurements confirm that the breakdown strength of the 
PDMS films is comparable to that of high-quality industrial thermal 
oxides and that these ~ 11.5 nm thick films can sustain applied voltages 
of the order of 10 V at least as well as the industrial thermal oxide films. 
Hence the core-shell structure using conductive oxide cores such as ZnO 
could utilise voltages of this magnitude applied to the network of core 
nanostructures to enable additional device functionality such as selec
trive attraction or replusion of charged species in solution in a biosensor 
device, with this functionality further boosted by virtue of local field 
enhancement effects due to the high aspect ratio nanostructures [33,34]. 

3.3. DNA Capture Capabilities 

Fig. 11 shows the DNA capture efficiency of the SiO2 nanodendrites, 
the ZnO-SiO2 NRs, and uncoated silicon substrates under three different 
DNA concentrations. We see notable binding to silicon substrates 
without any nanostructure growth at the lower concentrations. This 
occurs due to the native oxide of the silicon wafer which is essentially a 
flat layer of SiO2 that therefore has an affinity for DNA binding. How
ever, significantly increased DNA capture is achieved by both SiO2 
dendrites and SiO2 coated ZnO NRs at the larger DNA concentrations, 
with a much larger capture efficiency achieved by the dendrites at a 
concentration of 1000 ng/mL of DNA. Despite the decreased capture 

efficiencies of the nanostructures with increasing input concentrations 
of DNA, these values correspond with large amounts of DNA, with the 
dendrites and NRs capturing 227.3 ± 42.7 ng and 80.4 ± 8.0 ng of DNA 
respectively from 1000 ng. These quantities far exceed the typical 
thresholds required for the detection of DNA using quantitative poly
merase chain reaction (PCR) to diagnose disease [35]. 

The increased binding efficiency of the dendrites compared to the 
SiO2 coated ZnO NRs is a topic of ongoing study. Our initial hypothesis is 
that it is possibly related to the combination of high surface to volume 
ratio and the presence of quite large void regions in the nanodendrite 
structures, which enable DNA ingress and subsequent capture, 
compared to the closer packed structure of the SiO2 coated ZnO NRs. 
Both nanostructures have similar height (6000 nm), but the NRs are 
much more tightly packed with an interrod spacing of 200–500 nm 
compared to the 2000–4000 nm dimension of the voids of the nano
dendrite structures. The DNA strands utilised in this study were ~ 3400 
nm long (10,000 base pairs) which is much larger than the SiO2 coated 
ZnO NR interrod spacing, but comparable to the voids of the nano
dendrite structures. The capture efficiency of the NRs might be increased 
with a decrease in the channel height of the microfluidic chip from 86 
μm to a height similar to that of the NRs which could force the solution 
through the NR array. Despite this, both nanostructure morphologies 
(SiO2 nanodendrites and ZnO-SiO2 NRs) are capable of capturing sig
nificant quantities of DNA compared to planar Si surfaces under a va
riety of conditions and using low cost synthesis and device fabrication 
technologies. In the future we hope to incorporate these structures into 
an optimised device design which will maximise their biomolecular 
capture capabilities. 

4. Conclusions 

We have demonstrated a novel and straightforward method for 
deposition of high-quality, nanoscale SiO2 films and 3D SiO2 structures 
using thermal decomposition of polydimethylsiloxane (PDMS), in a 
furnace in atmospheric pressure at 500 ◦C. The temperature ramp rate is 
a key factor in determining the SiO2 deposit morphology, with slower 
ramp rates leading to highly conformal 2D films and faster ones yielding 
3D nanodentrite structures. 

Detailed characterisation using SE, SEM, STEM, FESEM and XPS 
confirm that this method allows individual nanometre controllability of 
conformal pinhole-free layers on a variety of materials. For the 2D films 
the film thickness, as determined by spectroscopic ellipsometry and 
confirmed by SEM data, is shown to correlate excellently with initial 
PDMS source material mass in the thickness range 0.8–18 nm. 

Table 1 
Fit parameters from Weibull distribution plots comparing different 11.5 nm SiO2 
films.   

PDMS Thermal oxide 

Slope, β 3.21 ± 0.05 3.27 ± 0.03 
Intercept, –βln(η) -7.65 ± 0.11 -7.93 ± 0.08 
η (MV/cm) 10.89 ± 0.05 11.28 ± 0.03  

Fig. 10. Current density vs electric field strength for various SiO2 thin films. 
The arrows indicate the position of the breakdown field for each sample. 

Fig. 11. DNA capture efficiency of three different SiO2 surface morphologies 
under various concentrations of DNA within microfluidic chips. The error bars 
represent the standard deviation of five independent measurements. 
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Depositions on high aspect ratio ZnO nanostructures are shown to be 
highly conformal, leading to core-shell ZnO-SiO2 nanostructures whose 
shell thickness is in excellent agreement with the expected values from 
deposition on planar substrates. 

At faster temperature ramp rates an abrupt morphological transition 
is seen to a deposit which displays a 3D nanodentrite morphology with a 
high surface to volume ratio. 

Electrical breakdown measurements confirm that the breakdown 
strength of the films is comparable to that of high-quality industrial 
thermal oxides. 

DNA capture measurements confirm both pure SiO2 nanodentrites 
and ZnO-SiO2 nanostructures are capable of capturing significant qua
nitities of DNA from low initial concentrations with relatively high 
efficiency. 

Based on these data the SiO2 films and dendritic nanostructures 
obtained offer significant promise for applications in biosensing and 
related areas due the relative biocompatibility and affinity of SiO2 for 
DNA and protein interactions compared to other commonly used ma
terials like gold and silver. The ease of implementation of this method 
for SiO2 nanoscale deposition means that it can be used in conjunction 
with other bottom-up nanostructured oxides such as ZnO, which allows 
the creation of high surface to volume ratio core-shell nanostructures 
with SiO2 outer shells whose surface properties are well suited to in
teractions with biological species, as well as directly enabling deposition 
of a bottom-up 3D nanodentrite structure with an intrinsically high 
surface to volume ratio. 
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