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Fabrication of single nanofluidic channels in poly (methylmethacrylate )
films via focused-ion beam milling for use as molecular gates
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Focused-ion bearfIB) milling provides rapid fabrication of individual cylindrical submicrometer
channels with  reproducible dimensions(z5% diameters through 8um  thick
poly(methylmethacrylate(PMMA) films. PMMA films are spincast on sacrificial Si carriers and
sputter-coated with Au before the 30-kV gallium FIB milling process. By adding a trace amount of
poly(ethyleneoxideand polydimethylsiloxangto the PMMA solution before casting, the films can

be released for subsequent mounting in microfluidic devices to create hybrid
microfluidic-nanofluidic multilevel architecturefn situ FIB sectioning demonstrates the smooth
cylindrical surface within the pore. Placing a milled film in contact with an aqueous fluorescein
solution fills the channel by capillary action, as verified by confocal fluorescence microscopy.
Confocal fluorescence of dyed films reveals that the pores span the thickness of the PMMA film.
Small arrays of channels with a defined number and density and arbitrary in-plane spatial
arrangement are fabricated with this process, allowing a unique testbed for high aspect ratio
nanofluidic devices. @004 American Institute of PhysiddOIl: 10.1063/1.1780605

Miniaturizing analytical techniques through the use ofmilling through thin films of PMMA as a route to the fabri-
microfluidics enables enhanced analysis and sensing througtation of individual submicrometer channels, because they
lab-on-a-chip strategies. In this context, nanofluidics, inexhibit large aspect ratios and the fabrication control neces-
which fluids are pumped in capillaries of nanometer characsary to create spatially defined arrays of submicrometer
teristic dimensions, is of interest due to the small volumeschannels.
high surface-to-volume ratios and novel transport PMMA films (1:1:5 weight ratio of 350 kDa PMMA:
phenomena? Nanofluidics has been applied to single- methylmethacrylate:anispl were spin-cast (6000 rpm,

molecule sensing, chemical separatiofs, microfluidic ~ ~8 um thickk on 5 mmx5 mm Si wafers and cured at
interconnect§;” and fundamental studies of fluid transport at195 °C  for =1h. A small (<1%) amount of
nanometer dimensioris. Single molecule detection through poly(ethyleneoxidgpoly(dimethylsiloxang copolymer

supporteda-hemolysin nanoporésas shown such promise added prior to casting allowed the PMMA films to be re-
that synthetic nanopore analogs are now being aggressivelgased from the underlying Si carrier. Au sputter coating was
pursued through a variety of fabrication technigtf€s?in-  necessary to reduce charging artifacts during FIB milling or
cluding microfabricatiot>  nanoscale templatéd, SEM monitoring, with Au films>10 nm thick exhibiting
nanoprinting®> and nuclear track etching.Particular inter-  minimal residual damage at low current. After milling, the
est is focused on the study of single pores, becgasen- PMMA film was removed from the Si carrier and mounted in
semble measurements yield statistical averages, missing out-multilevel microfluidic structuréThe 8-um thickness was
liers; (b) different pores have different physical and chemicalchosen as a compromise between the time needed to mill the
properties; andc) single pores can be fabricated to specificpore and achieving sufficient rigidity to allow the released
design rules and thoroughly characterized. films to be handled easily. The FIB instrumdiRE|l Strata
Focused-ion beartFIB) milling and assisted deposition Dual Beam 23pwas optimized for milling through a non-
is commonly used as a sub-micrometer fabricationfdmiit  conductive material. Spot-mode, in which the rastering ion-
has traditionally not been used for insulating substratesoptics are decoupled from the focused-ion beam, with loca-
Poly(methylmethacrylate PMMA, a well-known electron tion and duration being computer controlled, provided the
beam resist® is interesting in this regard due to its unusually most reproducible and smallest diameter channels with mini-
high ion-beam sputtering yield, allowing facile creation of mal residual damage.

polymer gratings? masters for high-resolution elastomer A 1-pA aperture produces pore diameteis, between

etching?® Our interest in controlling molecular transport @meters between 300 nid, <400 nm. The minimum di-
within submicrometer-sized structures led us to pursue FIERMEters obtainable are determined by the aperture size when
instrumental alignment parameters are optimized. The chan-
SAuthor T wh p hould be add § electron _Eel diameters, however, are larger than expected based on the
uthor t0 whom correspondence shou € addressed, electronic maill; . f . .
sweedler@scs.uiuc.edu urrent aperture. Pore widening is attributed to secqndary
bAuthor to whom correspondence should be addressed: electronic mai€l€ctron damage a'-nd effects, such as substrate hegtmg that
bohn@scs.uiuc.edu accompany 30-kV ion bombardment of a nonconductive sub-
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FIG. 2. Confocal fluorescence image sectioning parallel toc#hgane.(a)
Vertical slice through a dyed-PMMA layer with a single pore spanning the
layer; scale bar 22m. Measured diameter=400+35 rim=10). (b) Vertical
slice through a dye-filled pore; scale baué. (Inseh Coordinate system
for confocal imaging.

ers is less than 3 s. Figur¢l shows arnxz section through
a pore within which a I1uM aqueous fluorescein solution is
FIG. 1. FIB sectioning applied to dimensional profiling Original pore; being tranSported' ,'”usnatmg_the high sens!t|y!ty of confoc_:al
scale bar 2um. (Insep Single channel fabricated by FIR-pA aperturg, fluorescence imaging and raising the possibility of studying
showing the damage pattern around the mouth of the channel; scale béfansport in the interior of single pores by confocal
200 nm.(b)~(d) Original pore overlaid with rectangular milled volume suc- sectioning.
cessively exposing larger port:on_s o_f the pore; scale bar 500 nm. _Scannmg Finally, the dimensional reproducibility combined with
electron micrographg5-kV, 52° viewing anglg were collected by briefly . .
halting the ion beam sectioning process. the specific location control of the FIB also allows the cre-
ation of arrays of submicrometer channels with defined num-
ber and density. Figurg® shows arxy slice from the center
strate. These damage effects are evident in the patterning of a dual pore PMMA film in contact with 1@&M aqueous
the Au sputtered layer directly around the mouth of thefluorescein. The~-600 nm measured diameter of the fluores-
milled pore, cf. Fig. 1), inset. Additionally, SEM energies cent spots matches the pore diameters measured by SEM to
must be kept low(1-5 kV) for in situ characterization of the within +20%. The clear spatial isolation of dye solution in
nascent structures, because areas imaged with 15-kV aitde adjacent nanopores, evident in Figa)3results from the
higher energy electrons routinely show field-of-view damagéact that aqueous fluorophore solutions do not intercalate into
as depressed areas. Single channels are completely millédde PMMA layer, even upon extended soaking. A demonstra-
through the~8-um thick PMMA layer in=3 s. Exposure of tion of the direct-write capabilities of FIB to produce high
the growing pore to the ion beam for longer times producegrecision arrays of submicrometer channels with arbitrary
larger diameters and elliptical pore cross sections, which areontrol over spatial alignment is shown in Figh8 This
postulated to arise from ion-beam shift effects that occu@rray is characterized by-5% standard deviation for the
when the ion beam encounters the underlying Si—-PMMAhorizontal diametersj=170+10 nm;n=26. Controlling the
interface. number and spatial placement of multiple channels is a pow-

Dimensional uniformity is critical for investigating mo- erful tool for investigating electrokinetic transport at the
lecular transport through these structures. Using the dualanoscale.
functions of the FIB/SEM instrument, channels can be di- In summary, FIB has been exploited for rapid direct-
mensionally profiled directly after milling, viz. Fig. 1, by writing of uniform cylindrical submicrometer pores in
rastering the ion beam in a square intersecting the midpoif®MMA, either as single channels, or as spatially defined
of the pores, effectively providing a cross-sectional imagesmall-area arrays. The fabricated pores have been character-
down the length of the channel. Clearly the channel exhibitézed by electron microscopy and by confocal fluorescence
excellent cross-sectional uniformity along its length. Taper-sectioning. In contrast to statistical methods of preparing en-
ing of the diameter, an effect observed in submicrometesembles of submicrometer pores, FIB through-layer milling
pores produced by nuclear track etch?ﬁg’s not observed.

All pores examined in this manner show smooth nontapered
interior surfaces, which are advantageous for electrokinetic
fluid transport applications.

Confocal fluorescence microscoplyeica Microsystems
SP2 was also used to investigate the larger diameter chan
nels. Soaking the PMMA layer in &butanol solution con-
taining rhodamine dye results in rapid incorporation of the
dye throughout the polymer, permitting negative tone fluo-
rescent sectioning by confocal microscopy. The cross sectioa)
shown in Fig. 2a) was obtained by carefully aligning the
plane of the confocal image with the Iongitudinal axis of theFIG. 3. (a) Confocal fluorescence image of two dye-filled pores, showing an
pore. The single pore spans the,wﬁ% thick PMMA film, Xy plane at az position approximately at the center of the PMMA layer;

! . . . scale bar 4um. Measured fluorescent spot diameter<i600 nm.(b) SEM
illustrating the uniform diameter along the length of the pOre’image of a patterned array of submicrometer pores. Each milling location

the high aspect ratio~20 for the pore shownand confirm- a5 positioned via a computer generated graphical image overlay. 1-kV

ing that the time required to mill through @m PMMA lay-  SEM image. Pore diameter=170+10 rim=26); scale bar 2um.
Downloaded 24 May 2005 to 130.126.178.112. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

(©

(b)




Appl. Phys. Lett., Vol. 85, No. 7, 16 August 2004 Cannon et al. 1243

produces highly uniform pores and allows excellent control 3687(2001. ) ook A

ver h metr n [ ment of channel h render- .-C. Kuo, D. M. Cannon, Jr., Y. Chen, J. J. Tulock, M. A. Shannon, J. V.
.o N #Ot geo e;l ya fdlpface ? tOI ¢ da I els, t udS, ende Sweedler, and P. W. Bohn, Anal. Chem5, 1861(2003.
Ing t |s_approac F‘Seu_ or molecular delivery and sensorm, Cannon, Jr., T.-C. Kuo, P. W. Bohn, and J. V. Sweedler, Anal.
applications. Studying single pores should also lead to betterchem. 75, 2224(2003.
understanding of nanoscale transport phenomena, allowindA. T. Conlisk, J. McFerran, Z. Zheng, and D. Hansford, Anal. Ch&w.

more efficient utilization of nanoscale fluidic components in 9§139_(2003C-1 N R, Alurt Nano Lets. 1013(200
many disciplines. - Qiao and N. R. Aluru, Nano Lett3, 1013(2003.

193, Li, D. Stein, C. McMullan, D. Branton, M. J. Aziz, and J. A.

. Golovchenko, NaturéLondon 412 166 (2001).
This research was supported by the Department of EnﬂJ. P. Alarie, A. B. Hmelo, S. C. Jacobson, A. P. Baddorf, L. Feldman, and

ergy under Grant No. FGO288ER13949, the National Sci- j. M. RamseyFabrication and Evaluation of 2D Confined Nanochannels
ence Foundation through the Center for Advanced Materialsin Micro Total Analysis SystemSquaw Valley, CA, 2003, Vol. 1, edited
for Water Purification, and the National Institute for Allergies Py K. F. Jensen and D. J. Harrisgfiransducers Research Foundation,
and Infectious Diseases through the Great Lakes Regionaiﬁ'eg’e?c’)‘r? H,ilgcti'a(r?:g,p'vgj Gaddil C. G. Bostan. E. Berenschot. C. J
Center of Excellence. D.M.C. acknowledges the Arnold and ; a5 Ri?ﬁ, and M. Elwenspoek, Ngar;o Le, 283 (2004, .
Mabel Beckman Foundation Postdoctoral Fellows Program®j. Han and H. G. Craighead, Scien288 1026(2000).

FIB milling was carried out in the Center for Microanalysis i?," Sun and R. M. Crooks, J. Am. Chem. Sat22, 12340(2000.

of Materials, University of lllinois, which is partially sup- ,©-A Salehand L. L. Sohn, Nano Let8, 37 (2003.

16, .
C. C. Harrell, S. B. Lee, and C. R. Martin, Anal. Chei#b, 6861(2003.
ported by the U.S. Department of Energy under Grant NO'”S. Rennon, L. Bach, H. Konig, J. P. Reithmaier, A. Forchel, J. L. Gentner,

DEFG02-91-ER45439. and L. Goldstein, Microelectron. Ench7-58 891 (2001).
8. A. Dobisz, S. L. Brandow, R. Bass, and J. Mitterender, J. Vac. Sci.
IT.-C. Kuo, L. A. Sloan, J. V. Sweedler, and P. W. Bohn, Langmiif; Technol. B 18, 107 (2000.
6298(2002. c. Aubry, T. Trigaud, J. P. Moliton, and D. Chiron, Synth. M&27, 307
2P, J. Kemery, J. K. Steehler, and P. W. Bohn, Langniiy 2884 (1999. (2002.
3J. J. Nakane, M. Akeson, and A. Marziali, J. Phys.: Condens. Maer  2°N. W. Liu, A. Datta, C. Y. Liu, and Y. L. Wang, Appl. Phys. Lei82, 1281
R1365(2003. (2003.

M. Nishizawa, V. P. Menon, and C. R. Martin, Scien268, 700(1995. 2y Liu, D. M. Longo, and R. Hull, Appl. Phys. Lett82, 346 (2003.
5L. A. Woods, T. P. Roddy, T. L. Paxon, and A. G. Ewing, Anal. Chef8,  ?2J. C. Hulteen and C. R. Martin, J. Mater. Cheff).1075(1997).

Downloaded 24 May 2005 to 130.126.178.112. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



