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(57) ABSTRACT 
The invention provides a method of forming an inorganic 
porous membrane that includes forming an inorganic mem 
brane material on a substrate, forming a porous self-as 
sembled material on the inorganic membrane material, and 
patterning the membrane material using the porous self 
assembled material as a mask. 
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INORGANIC NANOPOROUS MEMBRANES AND 
METHODS TO FORM SAME 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention generally relates to porous 
inorganic membranes and more particularly to an improved 
method for forming inorganic membranes that utiliZes a 
self-assembled material as a sacri?cial template material in 
the fabrication process. 

[0003] 2. Description of the Related Art 

[0004] Filtration of approximately 5-100 nm siZed objects 
(e.g., molecules, proteins, nanocrystals, viruses) is desirable 
for biosensors and biomedical applications, among other 
areas. Several different types of porous membranes are 
available for use in different types of applications, including 
polymeric membranes, silicon micromachined membranes, 
ion-track etched membranes, and anodically-etched mem 
branes. 

[0005] Several factors play into a type of membrane’s 
technological suitability. For example, because porous 
membranes Work by alloWing objects of a certain siZe to 
pass through While excluding anything larger, a relevant 
?gure of merit is a membrane’s pore siZe uniformity. Fur 
thermore, the ability to control and tune pore siZe during 
membrane fabrication alloWs for ?exibility in choice of 
membrane application. High pore densities increase the 
membrane ?lter throughput. The porous membrane material 
itself is important both for compatibility With the material 
passing through, and also for compatibility With the envi 
ronment in Which the membrane Will be used. This issue is 
particularly relevant for biological applications. Ideally, 
these types of membrane ?lters are producible With minimal 
complexity and loW cost, alloWing their use as disposable 
devices. 

SUMMARY OF THE INVENTION 

[0006] The invention provides a nanoporous membrane 
structure Which utiliZes a self assembling material as a 
sacri?cial layer to de?ne the membrane pore siZe and pore 
density. As described in more detail beloW, the nature of self 
assembling materials is to organiZe into dense arrays of 
uniformly-siZed domains, and this invention makes use of 
this material property for inorganic porous membranes. Both 
pore density and uniformity improve membrane ?lter opera 
tion, as Was described above. 

[0007] More speci?cally, the invention provides a method 
of forming an inorganic porous membrane that includes 
forming an inorganic membrane material on a substrate, 
forming a porous self-assembled material on the inorganic 
membrane material, and patterning the membrane material 
using the porous self-assembled material as a mask. 

[0008] In one embodiment, to form the mask, the inven 
tion forming a ?rst material on the membrane material (the 
?rst material includes self-assembled particles) and removes 
the particles to leave pores in the ?rst material. Essentially, 
the membrane mask comprises a modi?ed multi block 
copolymer layer, Wherein the modi?ed multi block copoly 
mer layer is modi?ed to have one type of block copolymer 
removed. Openings Where the one type of block copolymer 
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Was previously positioned make up the pores in the mask. 
The invention orients the particles to the plane of the ?rst 
material before removing them. In this embodiment, the 
particles can comprise multi block copolymers, Which are 
removed by applying a solvent or applying radiation. 

[0009] In alternative embodiments, the porous self-as 
sembled material comprises an anodiZed alumina ?lm or a 
layer of chemically synthesiZing nanoparticles (interstities 
betWeen the nanoparticles make pores in the porous self 
assembled material). 

[0010] The inorganic porous membrane produced com 
prises a substrate support having a gap. The inorganic ?lm 
is suspended from the substrate across the gap. The inor 
ganic ?lm comprises an array of pores, Where the pores have 
pore diameters less than 30 nm and pore diameter distribu 
tions of less than 20%. The density of the pores is greater 
than 109/cm2. 

[0011] By using self assembled materials to de?ne pore 
dimensions, this invention teaches that it is possible to have 
regular arrays of close packed pores of less than 30 nm in 
diameter (With pore siZe distributions of approximately 
10%). Furthermore, because the self assembling material 
itself may not be suitable for application as a membrane, this 
invention teaches that the self assembling material is used as 
a template to pattern an underlying membrane material. In 
this Way, membranes of a Wide variety of materials may be 
formed, each type possessing the characteristics dimensions 
of the self assembling (template) material. The invention 
also provides methods for fabricating a nanoporous mem 
brane using a self-assembled material as a template for 
transferring the nanometer-scale pattern into the underlying 
material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The invention Will be better understood from the 
folloWing detailed description With reference to the draW 
ings, in Which: 

[0013] FIGS. 1A-1C are schematic diagrams of a nanopo 
rous membrane structure made using a self assembled 
material to pattern an underlying membrane material; 

[0014] FIGS. 2A-2C illustrate the use of a self assembled 
material in patterning an underlying material layer; 

[0015] FIG. 3 is a How diagram illustrating a preferred 
method of the invention.; 

[0016] FIGS. 4A-4H are a series of schematics illustrating 
a preferred method of the invention; and 

[0017] FIGS. 5A-5H are a series of schematics illustrating 
a preferred method of the invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

[0018] In the invention, a self assembled material is used 
as a sacri?cial layer in creating a nanoporous inorganic 
membrane, Which may be used for molecular ?ltration or 
molecular sensing, among other things. FIGS. 1A-1C shoW 
schematic diagrams of a nanoporous membrane 150 (formed 
on a substrate 154) used in such a capacity, illustrating its 
use for separating particles (shoWn schematically as spheres, 
Which could represent molecules of different siZes) of tWo 
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different sizes 151, 152. More speci?cally, FIG. 1B illus 
trates particles 151, 152 together on one side of the porous 
membrane 150. FIG. 1C illustrates that the membrane ?lter 
150 only alloWs the smaller particles 152 to pass and keeps 
the larger particles 151 isolated on one side. In addition, the 
pores of the membrane 153 may be chemically functional 
iZed in order to permit or exclude particle 151, 152 passage 
based on chemical composition. 

[0019] As described in more detail beloW, in the invention 
a self-assembled material is used as a sacri?cial layer to 
form nanopores on a substrate, Which may be formed of 
silicon or other materials. By using the self-assembled 
material as a template to pattern the substrate, the invention 
forms nanoporous membranes of materials Which Were not 
a priori porous. 

[0020] The membrane pore siZe, uniformity and density 
are determined by characteristic dimensions of a self-assem 
bling material. For purposes of this invention, the term 
“self-assembled material” refers to certain type of materials 
Which under suitable conditions Will organiZe into uniform 
nanometer-scale domains With a degree of longer-range 
order. Typically the self-assembled domains arrange them 
selves into hexagonal lattices, hoWever there are also certain 
systems Which assemble into oblique and square lattices. 
Typical domain dimensions are less than 50 nm, and can be 
adjusted doWn to only a feW nm in the proper material 
system. In these materials, because domain dimensions are 
a fundamental property of the material, domain siZe unifor 
mity can have deviations (from the mean) of less than 10%. 
Examples of self-assembling materials (their use in this 
application Will be described further) are diblock copoly 
mers, uniformly-siZed nanocrystals, anodiZed alumina ?lms, 
and bacterial cell surface layers (S-layers), among other 
systems. Self-assembly provides a precise, ef?cient, and 
straightforWard means for creating nanostructures With 
dimensions beloW the resolution limits achievable With 
conventional techniques, and makes them attractive options 
for membrane applications. With the domain dimensions 
achievable using self-assembled materials, this invention 
provides a route to achieving uniform membrane pore siZe 
densities in excess of 109/cm2, and up to 1012/cm2. 

[0021] In one preferred embodiment of the invention, a 
diblock copolymer material is used to generate a mask 
comprising a dense array of nanometer-scale domains. One 
possible choice of diblock copolymer material is polysty 
rene-polymethylmethacrylate (PS:PMMA). Through suit 
able choice of polymer molecular Weight and polymer block 
molecular Weight ratio, the diblock copolymer ?lm can be 
made to self-assemble into a hexagonally packed array of 
PMMA cylinders in a polystyrene matrix. The PMMA 
cylinders can be made to orient normal to the plane of the 
?lm by, among other knoWn means, spin-coating a dilute 
polymer solution (polymer diluted in toluene, or other 
suitable solvent) onto a substrate and annealing the resulting 
?lm. The PMMA cylinders can then optionally be removed 
by exposure to electron-beam or ultraviolet radiation and 
dissolution in acetic acid or other effective solvent. Depend 
ing on choice of polymer molecular Weight, the resulting 
thin ?lm typically has hexagonally packed pores about 20 
nanometers in diameter. By controlling the molecular 
Weights and relative ratios of the tWo polymer blocks, one 
can control the hole siZe range from about 2 nanometers up 
to about 100 nanometers (such as from about 10 to about 50 

Jul. 1, 2004 

nanometers), the hole separations from about 2 nanometers 
up to about 100 nanometers (such as from about 10 to about 
50 nanometers). This self-assembly process is simple, 
cheap, and fast. Also, the pore/domain dimensions can be 
tailored (in the range of about 10 to >100 nm), With tight 
distribution of pore siZes determined by a fundamental 
molecular length scale (the polymer molecular Weight). 

[0022] Although the above embodiment of the invention 
uses diblock copolymers composed of polystyrene and poly 
methylmethacrylate, there are many other types of diblock 
copolymers Which can be used. Some examples of other 
diblock copolymers include: polyethyleneoxide-polyiso 
prene, polyethyleneoxide-polybutadiene, polyethyleleoxide 
polystyrene, polyetheleneoxide-polymethylmethacrylate, 
polystyrene-polyvinylpyridine, polystyrene-polyisoprene, 
polystyrene-polybutadiene, polybutadiene-polyvinylpyri 
dine, and polyisoprene-polymethylmethacrylate. In addi 
tion, self-assembled ?lms can be formed of block copoly 
mers containing more than tWo blocks, such as triblock and 
multiblock copolymers. Finally, the morphology of the 
self-assembled diblock copolymer thin ?lm may be adjusted 
by varying the relative molecular Weight ration of the tWo 
polymer blocks composing the diblock copolymers. For 
ratios greater than about 80:20, the diblock copolymer 
assembles into a spherical phase. For ratios betWeen about 
60:40 and 80:20, the diblock copolymer assembles into a 
cylindrical phase. For ratios betWeen about 50:50 and 60:40, 
the ?lm takes on a lamellar phase. 

[0023] In a second embodiment of the invention, the 
self-assembled material is used as a mask material to gen 
erate membrane pores comprises anodiZed alumina. As is 
Well knoWn, anodiZation of aluminum ?lms under appro 
priate conditions results in alumina ?lms containing uni 
formly siZed, densely packed ordered pore arrays. Pore siZe 
and density can be controlled from about 5 nm to about 300 
nm through the anodiZation conditions (such as anodiZing 
voltage and electrolyte). As With the diblock copolymer 
material in the embodiment above, the alumina ?lm can be 
used to template an underlying substrate material and then 
removed. The templated underlying material Will eventually 
become the porous membrane structure, using the means 
outlined beloW. 

[0024] In another embodiment of the invention, the self 
assembled material used to template the underlying substrate 
is formed of a single layer of chemically synthesiZed nano 
particles. Various chemical means exist for producing nano 
particles (of a Wide variety of materials) With diameters from 
about 2 nm to about 20 nm, With diameter distributions of 
less than 5%. By using nanoparticle Which are suf?ciently 
uniform in siZe, they can be made to assemble on the 
substrate into ordered hexagonal arrays. The single nano 
particle layer can then be used to template a surface, by 
using the nanoparticle array interstities as pores. In this 
embodiment, pore siZe and spacing of the self-assembled 
mask are controlled through choice of nanoparticle siZe. 

[0025] Although the foregoing describes three embodi 
ments of self-assembled materials Which may be used as 
sacri?cial mask layers to pattern underlying substrates into 
porous membrane structures, there are many other materials 
Which may be used in this same manner. 

[0026] Referring noW to FIGS. 2A-2C the process of using 
a self-assembled material as a template to pattern an under 
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lying inorganic substrate (Which Will eventually become the 
membrane) is shoWn. More speci?cally, FIG. 2A illustrates 
the substrate 20 and the nanoporous self-assembled material 
21 containing uniformly-siZed pores 22. Note that the mate 
rial 21 can be any of the list described above, or another 
self-assembling material Which generates uniformly-siZed, 
densely packed pore arrays at sub-100 nm dimensions. In 
FIG. 2B, an etching process 23 (such as reactive ion etching, 
chemical etching, or ion beam etching) is used to remove 
portions of the substrate 20 only in the porous regions of the 
self-assembled material 21. The self-assembled material 21 
is removed 24 in FIG. 2C, leaving behind the nanoporous 
pattern reproduced in the substrate 20. 

[0027] FIG. 3 illustrates a How chart of the inorganic 
nanoporous membrane fabrication process. In item 300, a 
self-assembled material is formed on a substrate. Note that 
this step includes the entire procedure necessary to form the 
self-assembled material. In the case of diblock copolymers, 
this includes any polymer annealing step, and chemical 
developing. For the case of anodiZed alumina, this includes 
aluminum ?lm deposition and appropriate aluminum anod 
iZation. For nanoparticle layers, this includes solution depo 
sition and solvent evaporation. Next, in item 302, the 
invention transfers the nanometer-scale pattern of the self 
assembled material into the underlying substrate (Which Will 
eventually form the inorganic membrane). In item 304, the 
invention removes the sacri?cial self-assembled material. 
The invention patterns the membrane structures using 
micromachining techniques (described beloW) in item 306. 
Finally in item 308, the membrane is released and (in item 
310) the membrane pores are optionally chemically func 
tionaliZed for speci?c applications. 
[0028] The formation and release of the ?nal membrane 
structure is done using techniques from micromachining or 
micro-electrical mechanical systems (MEMS). The folloW 
ing examples (FIGS. 4A-4H and 5A-5H) shoW possible 
membrane fabrication sequences, hoWever Would be under 
stood by one ordinarily skilled in the art that other self 
assembled materials could be used equally. In the ?rst 
example (shoWn in FIGS. 4A-4H) the ?nal membrane 
material Will be silicon nitride (SiN). The processing begins 
in FIG. 4A by depositing a silicon nitride ?lm 600 on top of 
a sacri?cial oxide 602 on a silicon substrate 604. The diblock 

copolymer self-assembly process (described earlier) is per 
formed on the top nitride ?lm 600, resulting in a nanoporous 
polymer ?lm 606 formed on top of the silicon nitride 600 
(FIG. 4B). The porous polymer template pattern is trans 
ferred through the full nitride ?lm by, for example, reactive 
ion etching 608 (FIG. 4C). Then, the remaining polymer is 
stripped aWay. Next, in FIG. 4D, the top of the Wafer is 
protected 612 (for example by polymer resist, silicon diox 
ide or other material), and the backside of the Wafer is 
patterned 614 by photolithography or other means (FIG. 
4E) to de?ne the membrane dimensions (multiple mem 
branes can be patterned at once). As shoWn in FIGS. 4F and 
4G, the substrate silicon is removed from these membrane 
openings by etching 616, using, for example, KOH or 
TMAH Wet etching or plasma etching. Finally, the mem 
brane is released by removing the front-side protection and 
removing the sacri?cial oxide layer 618 (using, for example 
HF), as shoWn in FIG. 4H. The resulting structure consists 
of a suspended nitride membrane containing a dense array of 
nanometer-scale holes/pores (de?ned by the self-assembled 
material). The suspended inorganic ?lm can have pore 
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diameters less than 30 nm the pores in the suspended 
inorganic ?lm can have pore diameter distributions less than 
20%. The density of pores in the suspended inorganic ?lm 
can be greater than 109/cm2 (or even greater than 1011/cm2). 

[0029] In a second embodiment (FIGS. 5A-5H), the start 
ing substrate is a silicon-on-insulator (SOI) Wafer, compris 
ing a silicon ?lm (700) on top of silicon dioxide (702) on a 
silicon substrate (704) as shoWn in FIG. 5A. The diblock 
copolymer self-assembly process (described earlier) is per 
formed on the top silicon ?lm 700, resulting in a nanoporous 
polymer ?lm 706 formed on top of the silicon 700 (FIG. 
5B). The porous polymer template pattern is transferred 
through the full silicon ?lm by, for example, reactive ion 
etching 708 (FIG. 5C). Then, the remaining polymer is 
stripped aWay. The remaining membrane processing shoWn 
in FIGS. 5D-5H (i.e., frontside protection 712, Wafer back 
side patterning 714, through-Wafer etching 716, and mem 
brane release 718) is the same as Was described in the 
previous example. This process yields a suspended silicon 
membrane containing dense array of nanometer-scale holes. 

[0030] Alternatively, the fabrication sequence could be 
reversed. The backside membrane patterning and etching 
may be performed ?rst, and then later the diblock copolymer 
self-assembly and pattern transfer into the membrane mate 
rial can be completed (for both SiN and SOI membrane 
fabrication). The inventive nanoporous membrane formed 
using the self-assembled diblock copolymer template shoWn 
above Would have utility as a nano?lter for biotechnology/ 
biomedical/biosensors applications. 

[0031] By using self assembled materials to de?ne pore 
dimensions, this invention teaches that it is possible to have 
regular arrays of close packed pores of less than 30 nm in 
diameter (With pore siZe distributions of approximately 
10%). Furthermore, because the self assembling material 
itself may not be suitable for application as a membrane, this 
invention teaches that the self assembling material is used as 
a template to pattern an underlying membrane material. In 
this Way, membranes of a Wide variety of materials may be 
formed, each type possessing the characteristics dimensions 
of the self assembling (template) material. The invention 
also provides methods for fabricating a nanoporous mem 
brane using a self-assembled material as a template for 
transferring the nanometer-scale pattern into the underlying 
material. 

[0032] While the invention has been described in terms of 
preferred embodiments, those skilled in the art Will recog 
niZe that the invention can be practiced With modi?cation 
Within the spirit and scope of the appended claims. 

1. A method of forming an inorganic porous membrane 
comprising: 

forming an inorganic membrane material; 

forming a porous self-assembled material on said inor 
ganic membrane material; and 

patterning the membrane material using said porous self 
assembled material as a mask. 

2. The method in claim 1, Wherein said forming of said 
porous self-assembled material comprises: 

forming a layer that comprises a material that self 
assembles into a structure having pores. 
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3. The method in claim 2, wherein said forming of said 
layer further comprises removal of at least one component 
from said layer. 

4. The method in claim 3, Wherein said component 
comprises a multi block copolymer. 

5. The method in claim 2, further comprising orienting 
said pores perpendicular to the plane of said layer. 

6. The method in claim 1, Wherein said forming of said 
porous self-assembled material comprises forming an alu 
mina ?lm; and 

anodizing said alumina ?lm. 
7. The method in claim 6, Wherein said anodiZing forms 

a porous alumina ?lm. 
8. The method in claim 1, Wherein said forming of said 

porous self-assembled material comprises chemically syn 
thesiZing nanoparticles into a layer. 

9. The method in claim 8, Wherein interstities betWeen 
said nanoparticles in said layer comprise pores in said 
porous self-assembled material. 

10. The method in claim 1, Wherein said forming of said 
porous self-assembled material comprises: 

forming a ?rst material on said membrane material, 
Wherein said ?rst material includes self-assembled par 
ticles; and 

removing said particles to leave pores in said ?rst mate 
rial. 

11. A method of forming a porous self-assembled mask 
comprising: 

forming a layer that comprises a material that self 
assembles into a structure having pores. 

12. The method in claim 11, further comprising orienting 
said pores perpendicular to the plane of said layer. 

13. A method of forming a porous self-assembled mask 
comprising: 
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forming an alumina ?lm; and 

anodiZing said alumina ?lm. 
14. The method in claim 13, Wherein said anodiZing forms 

a porous alumina ?lm. 
15. A method of forming a porous self-assembled mask 

comprising chemically synthesiZing nanoparticles into a 
layer. 

16. The method in claim 15, Wherein interstities betWeen 
said nanoparticles in said layer comprise pores in said 
porous self-assembled mask. 

17. A method of forming a porous self-assembled mask 
comprising: 

forming a ?rst material, Wherein said ?rst material 
includes self-assembled particles; and 

removing said particles to leave pores in said ?rst mate 
rial. 

18. The method in claim 17, further comprising, before 
said removing process, orienting said particles perpendicular 
to the plane of said ?rst material. 

19. The method in claim 17, Wherein said particles 
comprise multi block copolymers. 

20. An inorganic porous membrane comprising: 

a substrate support having a gap; and 

an inorganic ?lm suspended from said substrate across 
said gap, said inorganic ?lm comprising an array of 
pores, 

Wherein said pores have pore diameters less than 30 nm, 
and 

Wherein said pores have pore diameter distributions of 
less than 20%. 


