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• Nanopore membranes modified by PVD, ALD, and pulsed PECVD
• Feature scale model used to design membranes and analyze performance
• Pulsed PECVD forms asymmetric membranes with nanoscale control
• The membranes have high pure water fluxes and good protein rejection

Journal of Membrane Science and Research 3 (2017) 64-70

A R T I C L E   I N F O

© 2017 MPRL. All rights reserved.

* Corresponding author at: Phone: +1 303 273 3544; fax: +1 303 273 3730
E-mail address: cwolden@mines.edu (C.A. Wolden)

DOI: 10.22079/jmsr.2016.20345

1. Introduction 

Pore size modification is an important tool for engineering the flux and 
selectivity of both polymeric and inorganic membranes [1-3]. Solution 
based techniques, such as polymer grafting [4] and electroless gold deposi-
tion [5], have been employed to modify the pore size and surface properties 
of membranes. These modification techniques employ multiple time-con-
suming processing steps involving exposure to hazardous chemicals. These 
issues limit their application on a larger scale. In contrast, vapor deposition 
techniques such as chemical vapor deposition (CVD) [6, 7], physical vapor 
deposition (PVD) [8]  and  atomic layer  deposition (ALD) [9-11] are more 

flexible alternatives for pore modification as they are not specific to chemis-
try of the membrane material. Moreover, the thickness of the coating layer 
can be controlled over a wide range. On the other hand, a drawback is that 
optimization of these techniques largely relies on empirical studies of per-
formance as a function of deposited material. Plan view scanning electron 
micrograph (SEM) images are often used to document the degree of pore 
closure [9, 10]. However, these images can be misleading due to challenges 
with focusing at nanoscale dimensions, particularly when there is curvature 
in the pore opening. Thus, it is desirable to be able to systematically predict 
and engineer final pore size and shape for these applications. In this work we 
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The suitability of three vapor deposition techniques for pore size modification was evaluated using polycarbonate track etched membranes as model supports. A feature scale model 
was employed to predict the pore geometry after modification and the resulting pure water flux. Physical vapor deposition (PVD) and pulsed plasma-enhanced chemical vapor 
deposition (PECVD), naturally, form asymmetric nanopores that retain high flux as pore size is reduced. But PVD-modified supports exhibited poor control and reproducibility. 
In contrast, pulsed PECVD and plasma-enhanced atomic layer deposition (PEALD) were shown to deliver digital control over pore size. Moreover, good agreement was obtained 
between model predictions and flux measurements. Exposure limitations during PEALD introduce a degree of asymmetry, though net growth rates were 1-2 orders of magnitude 
smaller than pulsed PECVD and PVD. Filtration experiments using bovine serum albumin as a model solute showed that pulsed PECVD-modified membranes can be engineered to 
simultaneously deliver both high flux and high selectivity. For example, pulsed PECVD-modified supports were demonstrated to deliver high retention (~ 75%) while maintaining 
70% of their initial pure water flux.
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examine the modification of model supports using different vapor deposition 

techniques through a combination of experiment and modeling.  

Polymeric track-etched (TE) membranes are often used as model 
supports due to their well-defined size and geometry, and narrow pore size 

distribution, as well [12, 13]. These membranes are fabricated by bombarding 

polymeric films with heavy nuclei to create damaged track, which are 
subsequently etched to create nano-sized pores [14]. Approaches which can 

tailor the pore size and surface properties of TE membranes would be an 

enabling innovation for extending the application spectrum of these 
membranes [10, 15, 16]. For instance, it has been shown that post-

modification of polymeric TE membranes can drastically improve their 

hydrophilicity [17], anti-fouling properties [18] and selectivity [3]. In 
principle, it should be possible to modify these membranes with a thin 

selective layer, which shouldn’t adversely affect the flux, but drastically 

improve the selectivity due to reduction in pore size [19].  
PVD techniques such as thermal evaporation and sputtering have been 

commonly used for surface modification [17], as well as for creating catalytic 

membrane surfaces [20]. The simplicity of this high rate deposition method 
makes PVD appealing for membrane modification. PVD techniques produce 

asymmetric nanopores since deposition does not penetrate inside the pores, 

significantly [8]. Such non-conformal coatings could potentially help 
overcome the trade-off between maintaining high flux and good selectivity. 

Here thermal evaporation of aluminum was used as a benchmark for 

comparing PVD with the other pore size modification techniques described 
below. 

ALD has emerged as a leading approach for precise pore size reduction 

and surface modification of TE membranes [2, 9, 10, 15]. ALD provides 
digital control over the thickness due to its self-limiting nature, and the 

thickness of the material can be tuned precisely by simply varying the number 

of deposition cycles. In this work, PEALD of titania (TiO2) was employed as 
one of the techniques for tailoring pore size of track-etched membrane 

supports. PEALD is a variation of ALD in which plasma is employed during 

one of the exposure steps of the ALD cycle to drive the chemistry [21]. The 
application of plasma allows for the deposition to be carried out at 

significantly lower temperatures that are compatible with polymeric 

membrane supports.   
Despite its elegant nature, the ALD route for pore size modification has a 

few drawbacks. First, the conformal nature of ALD leads to densification of 

the pore interior, which can lead to severe flux reduction [9, 22]. Second, 
practical application of ALD for coating larger pores could be problematic 

due to the extremely low growth rates in ALD, which severely limits the 

throughput. Lastly, it is often assumed that ALD provides perfect 
conformality throughout the structure, but this requires that both the precursor 

dose and the purge times be sufficiently large to ensure complete 

delivery/removal of reactants/products. The original TE membrane supports 
are very high aspect ratio structures, and the aspect ratio increases 

dramatically as pore closure is approached [23].  In practice, it is unlikely that 

sufficient exposure and purge times are used to ensure conformal coverage 
throughout deposition. This can be advantageous in that exposure-limited 

ALD process can be exploited in membrane applications to fabricate non-

conformal pores for high flux applications.  The feature scale modeling tool is 
applied to analyze the consequences of operating ALD in an exposure-limited 

mode.  
The novel pore modification technique used in this work is pulsed 

PECVD. Pulsed PECVD is an alternative that provides the throughput and 

asymmetry of PVD while retaining the digital control offered by ALD.  Our 
group has developed pulsed PECVD as an alternative to ALD for digital 

control over deposition on planar surfaces for a number of oxides including 

SiO2 [24], TiO2 [25], Al2O3 [26], and ZnO [27]. In this technique a metal 
precursor highly diluted in oxygen is continuously delivered to the reactor and 

the plasma is pulsed using square wave modulation at low frequency (~1 Hz). 

Under appropriate conditions, pulsed PECVD can be operated in a self-
limiting fashion. First, it requires that no thermal CVD occurs when the 

plasma is off. This condition is met because molecular oxygen is unreactive 

with many precursors, such as TiCl4 at low temperature. The second 
requirement is that no deposition occurs under continuous plasma operation.  

This occurs when the diluted precursor is fully consumed or sacrificially 

deposited before it can reach the substrate [28]. So while no deposition occurs 
when the plasma is continuously off or on, under pulsed operation at low 

frequency (~1 Hz) deposition is readily observed, and the growth per cycle 

can be adjusted over a reasonable range (0.5 – 5 Å/pulse) through control of 
parameters such as precursor flowrate and duty cycle.  The elimination of 

purge steps leads to higher net deposition rates [29], while the use of plasma 

enables high quality metal oxides to be deposited at temperatures compatible 
with polymeric substrates [30]. 

In the present work, PVD, PEALD and pulsed PECVD were evaluated 

for pore size and shape modification of TE membranes having a nominal pore 

opening of ~100 nm. SEM imaging was employed to investigate the pore 

opening and surface morphology of the coated pores.  A feature scale model 

is used to design pore geometries and predict their performance. The model is 
validated by experimental measurement of flux and selectivity for membranes 

modified by the three different vapor deposition techniques. Membrane 

performance was evaluated using measurements of pure water flux and solute 
rejection through these modified supports using a stirred cell ultrafiltration 

apparatus. 

 
 

1. Experimental 

 
2.1. Materials 

 

Commercial polycarbonate track-etched membranes, known as 
IsoporeTM, were purchased from EMD Millipore Corporation. Figure 1 

displays top view and cross sectional micrographs of the hydrophilic pristine 

support. The support openings are tightly distributed around the nominal 100 
nm (± 3 nm) pore size, but a few “doublets” are also present where two pores 

have fused together. These doublets account for ~7.5% of the total number of 

pores in the supplied membrane filter. The cross-section image shows the 
vertical alignment of the features extending throughout the nominal 25 µm 

thick support. 

 
 

 

Fig. 1. (a) Top view and (b) cross-section SEM micrographs of uncoated TE 

membrane supports. 

 
 

Titanium tetrachloride (99% pure) was purchased from Sigma Aldrich, 

and used as a precursor in pulsed PECVD and PEALD modifications. 
Ultrahigh purity grade argon and oxygen were used as the carrier gas and 

oxidant, respectively. Bovine serum albumin (BSA, molecular weight 66 kDa, 

Sigma Aldrich) was used to test the separation efficiency of the pristine and 
modified membranes. 

 

2.2. Membrane fabrication 
 

Pristine TE membranes were modified using 3 deposition techniques, 

including PVD of aluminum, PEALD and pulsed PECVD of Titania.  
Aluminum evaporation was chosen for its simplicity while Titania was 

chosen for a number of reasons. It is a stable material that may be easily 

functionalized, and it is commonly used for membrane modification [31]. In 

addition, it maintains a hydrophilic surface [10], so that the changes in 

membrane performance observed in this work should be primarily due to 

geometrical effects and not due to changes in surface energetics. Thermal 
evaporation of aluminum onto TE membranes was performed in a diffusion-

pumped bell jar with a base pressure of 10-7 torr. The membranes were 

positioned at normal incidence to the evaporation boat, and a shutter and 
quartz crystal microbalance were used to control the thickness of the 

aluminum coating. Pulsed PECVD and PEALD of TiO2 was performed in a 
capacitively coupled plasma reactor described previously [25]. The samples 

were mounted to the grounded electrode which was resistively heated to 70 

°C, well below the maximum operating temperature of the polycarbonate TE 
membranes used in this study. During pulsed PECVD operation, titanium 

tetrachloride, Ar diluent,  and O2 were supplied continuously in the reactor 

without the need of any intermediate purge steps as described, previously 
[25]. The precursor was stored in a temperature-controlled bubbler at T = 15 

°C, and delivered using Ar as the carrier gas. The plasma power was 50 W, 

and a square wave modulation was applied to plasma power using a 

LabVIEW program. The duration of on and off times was 0.5 s each, and the 

resulting TiO2 growth per cycle (GPC) was 1.2 Å/pulse. During PEALD 

operation, the process parameters like plasma power, substrate temperature 
and gas flow rates were kept the same as in the pulsed PECVD process. The 

oxygen and diluent argon were flown continuously in the reactor, serving as 

the purge gas. The precursor flow was alternately directed to the reactor or 
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directly to the vacuum pump through the LabVIEW-controlled solenoid 

valves. For modification of TE membranes, the PEALD process employed 17 

s purges, a TiCl4 dose time of 8 s, and 6 s of plasma exposure. The desired 
degree of pore closure in PEALD and pulsed PECVD was achieved by 

varying the number of deposition cycles. 

 
2.3. Membrane characterization 

 

Variable angle spectroscopic ellipsometry (VASE, J. A. Woollam 
WVASE32) was employed to measure the thickness of the pulsed PECVD 

and PEALD TiO2 coatings, whereas the thickness of the Al coating was 

determined using profilometry. Field emission scanning electron microscopy 
(FESEM) (JEOL JSM-7000 F) was used to study the surface morphology of 

the modified TE membranes. PEALD- and pulsed PECVD- modified TE 

membranes were sputter-coated with a thin layer of gold before FESEM 
imaging to reduce charging, whereas no such coating was required for the Al-

coated samples. The pure water flux of PVD-, PEALD-, and pulsed PECVD- 

modified TE membranes was measured using a stirred ultrafiltration cell 
(Amicon, Millipore Co.) under 10 psi overhead pressure, and the resulting 

flux is reported normalized to the flux of unmodified TE membranes. BSA 

was used to determine the solute rejection using a 1 g/L solution prepared in a 
phosphate buffered saline to maintain the pH at 7.4. During solute rejection 

measurements, the retentate solution was continuously stirred at 400 rpm 

using a magnetic stirrer. The concentration of BSA in the filtrate was 
determined by measuring the absorbance values at 280 nm with a Cary 5G 

UV-Vis-NIR spectrophotometer. 

 

3. Design and analysis of asymmetric pores 

 

Transport properties of nanopores are closely linked to their geometry. 
As mentioned earlier, the use of plan view microscopy to characterize the 

pore size of modified membranes can have limitations.  This is illustrated in 

Figure 2, which compares a plan view micrograph, a cross-section 
micrograph, and a feature scale simulation of silicon wafers patterned with 

~125 nm contact holes and modified by pulsed PECVD of alumina. Patterned 

wafers were used as surrogates to enable cross-sectional imaging, which is 
very difficult to achieve from polymeric TE supports. The plan view image 

(see Figure 2a) suggests that the average pore opening is ~ 30 nm. However, 

the cross-sectional image of the nanopore (see Figure 2b) reveals that the 
minimum pore opening is much smaller, approximately 10 nm. When these 

pores are coated there is significant curvature as the pore is closed, and with 

plan view imaging it is difficult, if not impossible, to focus on the position of 
the minimum pore opening. 

In order to engineer the membrane performance, it is imperative to be 

able to predict the geometry of the modified pores. Though seldom applied in 
membrane modification, the microelectronics community has employed 

feature scale models for decades   to understand and control the deposition of 

films on non-planar substrates [32-35]. Recently, we developed a feature 
scale model that can be used to simulate PVD, ALD, and the transient growth 

modes that contribute to deposition in pulsed PECVD [36]. The model 

employs a diffusion reaction framework, in which steady state deposition is 

modeled based on surface reaction probability (γ), with PVD (γ =1) and ALD 

(γ→0) representing the two limits. 
Pulsed PECVD is a transient deposition process that involves two growth 

modes as discussed previously [28].  The first growth mode is analogous to 

ALD. During the plasma off state, the precursor adsorbs on the substrate 
surface, and these adsorbed molecules then react with oxygen radicals during 

the plasma on step to contribute to conformal film growth. The second growth 

mode is due to reactive species that are formed at plasma ignition, and then 
deposit with near unity sticking probability (γ =1) in a manner analogous to 

PVD. To capture the two growth modes of pulsed PECVD, the model simply 

alternates between conditions used to simulate ALD and PVD, using the 
single adjustable parameter ‘R’, which is the ratio of the PVD growth 

component to the ALD growth component. This value can be determined 

experimentally using the GPC values measured for both PEALD and pulsed 
PECVD. For example, if the PEALD GPC is 1 Å/cycle and the pulsed 

PECVD rate is 2 Å/cycle then R = 1, which means there are equal 

contributions from both growth modes. This model has been validated for 
both cylindrical pores and Cartesian trenches, with Fig. 2c providing further 

validation of its capabilities. The nanopore geometries predicted by the 

feature scale model are then employed to predict pure water flux using 
COMSOL by solving the Navier-Stokes equations for pressure driven flow. 

Precursor diffusion limitations can occur while coating very high aspect 

ratio features. The feature scale model utilized in this work accounts for 
exposure limitations that can limit the extent of deposition in high aspect ratio 

features in both ALD and pulsed PECVD. For a given precursor exposure, 

there is a critical aspect ratio (a*) that can be coated conformally during ALD, 
and its value can be determined from the scaling relationships developed by 

Gordon and co-workers [23]. In the model, the local aspect ratio (a(z, t))  is 

calculated as deposition proceeds, and once the local aspect ratio exceeds a*, 
no further ALD growth is allowed at that position. 

One utility of this model is that it can be used to design and analyze the 

performance of membrane supports modified by vapor deposition. Fig. 3 
compares simulated profiles of 100 nm diameter nanopores modified by 

ALD, pulsed PECVD at R = 1, and PVD.  The white area represents the 

material deposited, whereas the black region represents the surrounding gas 
phase. These simulations were performed using cylindrical pores with an 

initial opening of 100 nm, and in each case deposition was allowed to proceed 

until the minimum pore opening was reduced to 20 nm.  Fig. 3a shows an 
ALD-modified pore assuming no exposure limitations, which is perfectly 

conformal and results in densification of the underlying support. The other 

extreme, Fig. 3c, shows the feature predicted for an ideal PVD process with 
unity sticking coefficient. Very little deposition is observed within the feature, 

creating a highly asymmetric pore structure that would be ideal for membrane 

applications. A drawback of this technique is that it requires considerably 
more deposition to achieve the same degree of pore closure. Finally, Fig. 3b 

shows the simulation for pulsed PECVD at R = 1, in which the contributions 

of the two growth modes are equal. The pore closure is asymmetric reflecting 
the benefits of PVD, but the total amount of material required is closer to the 

ALD case. 

 

 

 
 

Fig. 2. (a) Top view SEM micrograph of nanopores fabricated using pulsed PECVD; (b) Cross-section SEM of a nanopore; (c) model prediction of the nanopore geometry using the 

simulation procedure described in this work. 
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Fig. 3. Simulated deposition profiles on 100 nm features coated by (a) ALD, (b) pulsed PECVD, and (c) PVD for a final pore opening of 20 nm. 

 

 

 

 
Fig. 4. The left panel displays top view micrographs of TE membranes modified by PVD of aluminum (a-c), PEALD of TiO2 (d-f), and pulsed PECVD of TiO2 (g-i) as a function of 

planar film thickness. The right panel displays the corresponding feature scale simulation of the resulting geometries noting the minimum pore diameter for these 9 cases. 

 

 

In the results below, the feature scale model is used to simulate the 

nanopore geometries formed by vapor deposition on 100 nm diameter isopore 
supports. Membranes coated by aluminum evaporation employed the PVD 

simulation described above. The pore geometry of the TE membranes 
modified by PEALD was simulated by superimposing precursor diffusion 

limitations on the ideal ALD case shown in Fig. 3a. The critical aspect ratio 

during these depositions was estimated to be around a* = 36, based on the 8 s 
TiCl4 exposure. This means that deposition initially extends ~3.6 µm into the 

25 µm pore, and this depth will continue to decrease as the pore shrinks. 

The model parameters for pulsed PECVD reflected the experimental 

conditions. Based on the TiCl4 exposure provided during the ½ second plasma 

off step, a critical aspect ratio of a*= 8.2 was estimated. Again, this implies 

that initially the ALD growth component extends 820 nm into the pore, and 
this value diminishes as growth proceeds.  Note that this value of a* 

represents an upper limit, and the simulations were not significantly sensitive 

to this parameter. Using identical precursor doses the measured GPC for 
PEALD and pulsed PECVD were 0.56 Å/cycle and 1.2 Å/cycle, respectively.  

Hence, the corresponding PVD/ALD ratio or R was determined to be ~1.  The 

net planar growth rate in pulsed PECVD was 7.2 nm/min, over 35 times faster 
than the 0.2 nm/min obtained with the PEALD process.  

 

 

4. Results and discussion 
 

The left panel of Figure 4 shows the top view SEM micrographs of TE 
membranes modified by different vapor deposition techniques employed in 

this work as a function of thickness. The labels report the planar thickness of 

the deposited film, and the arrows in the micrographs point out the apparent 

diameter of the resulting pore openings. The right panel of Fig. 4 displays 

simulated cross-sections of the resulting pore geometries at these same 

conditions, and the labels indicate the minimum pore diameter under these 
conditions.  The specific conditions were chosen to provide examples of low, 

intermediate, and high degrees of pore closure for each deposition technique. 

There are a number of important observations to take away from this 

figure. First, the micrographs confirm that the amount of deposited material 
required to achieve the same degree of pore closure varies by techniques in 

the descending order of PVD > pulsed PECVD > PEALD, as predicted in Fig. 
3.  For example, to reduce the minimum pore diameter to 40 nm requires 30 

nm of deposition by PEALD, 36 nm of pulsed PECVD, and 58 nm of PVD. 

Moreover, the differences become more pronounced as the degree of pore 
closure increases. Second, this figure confirms the limitations of using top 

view microscopy for evaluation of pore closure. At low levels of deposition 

(see Figure 4a/d/g), the pore diameter estimated from SEM images is in good 

agreement with model predictions. However, the disparity between these 

values gets worst with increasing deposition. At a high degree of pore closure 

(see Figure 4c/f/i) the SEM image overestimates the minimum pore size by a 
factor of ~2 for all three deposition techniques. Finally, it is observed that the 

morphology of the three films are quite different. In the case of evaporated 

aluminum, the coatings are rough, reflecting the Volmer–Weber growth mode 
that results in a polycrystalline morphology [37]. These films would fall into 

zone 1 of the Thornton diagram [38], which consists of columnar growth with 

voided defects due to atomic shadowing.  The diffusion-reaction model does 
not capture these features, but as shown below it has a significant impact on 

membrane performance. 

At low deposition thickness, both pulsed PECVD and PEALD display a 
smooth surface morphology. However, at a coating thicknesses > 30 nm the 

PEALD becomes rough and appears to become polycrystalline (see Fig. 4f), 

whereas the pulsed PECVD film remains smooth and amorphous. This 
behavior reflects the unique feature of TiO2. It has been observed that ALD 

initially produces amorphous TiO2, but there is a critical thickness at which 

point the film transforms into the polycrystalline anatase phase. The exact 

value of this transition depends on deposition conditions [39-41].  Due to its 

slower growth rate, the PEALD films likely have better quality and transform 

from amorphous to polycrystalline at a lower thickness than the pulsed 
PECVD films. 

Figure 5 compares the membrane flux as a function of the planar 
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thickness for the three different modification methods. As could be observed, 

uncoated supports had a pure water flux (PWF) of 7360±294 L/(m2.h.bar). 

Relative flux is defined as the pure water flux (PWF) of a coated TE 
membrane normalized with respect to that of the uncoated TE membranes. 

The solid black lines represent the flux predicted by the feature scale model, 

which were obtained by exporting the simulated geometries of the modified 
pores into another COMSOL module and modeling Hagen-Poiseuille flow 

through the resulting pores. In addition, the flux expected from a perfectly 

conformal coated pore is included as the dashed red lines for comparison. The 
flux of a conformally coated membrane is predicted to drop, sharply, due to 

densification of the pores. In contrast, the techniques used in this work that 

lead to asymmetric pore closure allow the flux to remain largely unchanged 
until the pore diameter is reduced <20 nm. 

Figure 5a shows the results for the PVD-modified membrane.  There is 

generally good agreement between the measured and predicted flux. 
However, there is significant scatter in the data and poor reproducibility, 

which is attributed to the roughness and morphological instabilities associated 

with the columnar growth mode discussed above. As expected, the 
asymmetric pore geometry allows the flux of PVD-modified supports to 

remain nominally unchanged up to a thickness of 75 nm. The flux of the 

membranes drops to 0 only for coating thicknesses >125 nm. In the range of 
75 -125 nm, where pore closure is approached, there is great variability with 

similarly coated pores delivering high flux or no flux. This makes PVD 

unsuitable for nanoscale control of performance.  
In contrast, both PEALD and pulsed PECVD provided excellent 

reproducibility and control over the degree of pore closure. In the case of 

PEALD (see Figure 5b), the flux declines approximately linearly with the 

amount of TiO2 deposited, and the agreement with the model is excellent. The 

measured flux is slightly greater than model predictions in the transition 

regime, and there is a very small but non-negligible flow measured for 
membrane modified with >50 nm of material, where pore closure is predicted. 

Both of these minor deviations are attributed to the presence of the doublets 

(see Figure 1a) that are not accounted for in the model.  The stark contrast 
between the conformal prediction and the observed performance highlights 

the importance of operating ALD in the exposure limited regime in order to 

maintain significant flux. 
Pulsed PECVD (see Figure 5c) combines the asymmetry of the PVD 

modification with the control and reproducibility of ALD. The flux is 

unchanged up to 30 nm of deposited material, and then it begins to attenuate 
as pore closure is reached. The flux drop off in this regime is steep, and the 

digital control and smooth morphology enables precise control over 

membrane properties. The amount of material for complete pore closure is 
just slightly greater than PEALD, but less than half the material required by 

PVD. For all three deposition techniques, the experimentally measured flux is 

well captured by the model, validating its utility for this application. 
The selectivity of the modified membranes was evaluated using bovine 

serum albumin (BSA) as a model solute in a stirred ultrafiltration cell.  These 

results were not significantly impacted by protein adsorption as it was found 
that both the pristine TE membranes and all of the modified supports 

exhibited excellent anti-fouling characteristics. The membranes exhibited a 

static BSA adsorption value <10 µg/cm2 after immersion in a 1 g/L BSA 
solution for 24 hours. This is attributed to the hydrophilic nature of the 

original TE membranes. 

 
 

 
Fig. 5. Comparison of experimentally measured (points) and predicted flux (black lines) as a function of deposition thickness for TE membranes modified by (a) aluminum PVD, (b) 

PEALD of titania, and (c) pulsed PECVD of titania. The dashed red line is the prediction for perfectly conformal modification. 
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Fig. 6. Solute rejection and predicted flux as a function of film thickness for (a) PVD-modified membranes; (b) PEALD-modified membranes and (c) Pulsed PECVD-modified 

membranes. Circled values indicate membranes that displayed the best combination of flux and selectivity for each technique as discussed in the text.  

 
 

The hydrophilicity, and hence the anti-fouling nature, of the membranes 

is maintained even after modification. Hydrophilicity of the membranes was 
tracked using a simple home-made contact angle measurement apparatus [42]. 

The contact angle of the pristine TE membranes, TiO2-modified membranes, 

and Al-modified membranes were 44±3°, 52±5°, and 65±7°, respectively. It 
should be noted that the TiO2-modified TE membranes were initially very 

hydrophilic (θ ~ 0°). However, the hydrophilicity is quickly lost upon 

exposure to the atmosphere due to hydrocarbon contamination. 
Figure 6 compares the solute rejection and the modeled flux of the 

modified TE membranes as a function of the planar thickness of the deposited 

coatings. BSA (molecular size ~ 7 nm) was used as the model solute. Figure 
6a displays the solute rejection of the PVD-modified supports. Solute 

rejection scales linearly with thickness, and reaches a maximum of ~70% only 

after the evaporation of 200 nm of aluminum, at which point the flux is 
negligible.  As with measurement of flux, the solute rejection data is also very 

noisy, reflecting the rough morphology of these layers. The optimal value for 

PVD modification was achieved at 100 nm of coating thickness. In this 
membrane, the solute rejection was just 44%, and though the model predicts 

45% of the original flux the measured value was just 29%. With the PVD-

modified supports >50% solute rejection was only achieved when the flux 
approaches zero. 

In the case of PEALD, the solute rejection was negligible (<10 %) and 

unchanged through 20 nm of deposition. The rejection then increases linearly 
between 20 and 50 nm, where the rejection saturates at ~80%. At this point, 

the 100 nm pores are completely closed, and the remaining flux of BSA 

solutes is due to doublets. Optimal performance was achieved with the 
membrane coated with 39 nm of TiO2 film. At this point, the 50% solute 

rejection was achieved while retaining 40% of the initial membrane flux. So, 

although the control and reproducibility was significantly improved relative to 
PVD modification, only modest improvements in selectivity/flux were 

obtained. 

In contrast to PEALD, the retention behavior of membranes modified by 
pulsed PECVD exhibit step function behavior as shown in Fig. 6c. For <25 

nm of TiO2 deposition, the membranes display negligible solute rejection 

(~7%) that is unchanged from the uncoated support. The rejection level 
increases sharply between 40-50 nm of deposited material to a value of ~75%, 

that remains essentially unchanged with additional coating and is attributed to 

the presence of doublets. The membrane modified by 48 nm of TiO2 
deposition retained ~70% of the original flux, and the BSA solute rejection 

approaches the saturation threshold (~ 75%). This is a tremendous 

improvement over both PVD and PEALD modification. The window for 
optimal performance is narrow, and thus the digital control over deposition 

provided by pulsed PECVD is important in achieving this level of 

performance.  
 

 

5. Conclusions 

 

Track-etched membrane supports were modified using PVD of 

aluminum, PEALD and pulsed PECVD of Titania. A feature scale model was 
used to design the resulting pore geometries, successfully predicting the flux 

behavior of modified membranes. PVD modification results created highly 

asymmetric nanopores that in principle should lead to high flux and good 
selectivity. However, PVD requires much more material for comparable pore 
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closure, and the rough, columnar growth morphology limits reproducibility 

and solute retention. PEALD was shown to deliver precise pore size 

reduction, requiring significantly less film deposition in comparison to PVD. 
By operating in a precursor exposure limited regime, the PEALD-modified 

membranes exhibited higher flux than would be achieved with perfectly 

conformal deposition. However, both flux and retention scale linearly with 
deposition thickness, limiting the ability to simultaneously optimize both 

quantities. Pulsed PECVD produced asymmetric pores characteristic of PVD 

while displaying the precision and reproducibility of PEALD. Both flux and 
retention display step function behavior with respect to thickness, creating a 

small window to overcome the flux/selectivity tradeoff. The digital control of 

pulsed PECVD enabled access to this region, achieving maximum solute 
rejection while retaining 70% of the original flux.  
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