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We report on the fabrication and electrical characterization of functionalized solid-state nanopores in low stress
silicon nitride membranes. First, a pore-e50 nm diameter was drilled using a focused ion beam technique, followed
by the local deposition of silicon dioxide. A low-energy electron beam induced the decomposition of adsorbed
tetraethyl orthosilicate resulting in site-selective functionalization of the nanopore by the formation of highly insulating
silicon oxide. The deposition occurs monolayer by monolayer, which allows for control of the final diameter with
subnanometer accuracy. Changesin the pore diameter could be monitored in real time by scanning electron microscopy.
Recorded ion currents flowing through a single nanopore revealed asymmetry in the ion conduction properties with
the sign of the applied potential. The low-frequency excess noise observed at negative voltage originated from stepwise
conductance fluctuations of the open pore.

Introduction to hundreds of micrometers. The fabrication of nanopores using
IB is inevitably associated with permanent surface charges due
ion implantation, which can inhibit the sensing abilities of the
pore and increase electrical noise. The observed variability of
the surface properties and the high cation selectivity of the pores
make them unfavorable for precise analytical applicatiSrs.

- F
Nanopore-based resistive-pulse sensors have been propose,
for high-speed DNA sequencidg:a single nanometer-sized
pore fabricated in a thin, insulating, solid-state membrane mimics
the function of atransmembrane protein channelin alipid bilayer,
tr;]eret_)y clavercohmln_g I:mltac?o?s In b|?_log|cgll_l_matTerlalsh§uch ?}S the first approach to improvement, Branton and colleagues coated
fe elTrlgg' rrrle?jiarr;l]lcta,rairr]l the erctrzlca :(ns;av\;r:tyh r?1atc rleve\t/ ? nanopore surfaces with metal oxides to produce functional
d hpo ﬁ abe € Stt era ge? ? ?\. h? I? %e s,tse € ananopores with desirable electrical properties.
3?2L??zacceefenas\i/§n iifggtsefﬁmﬁigotrg E)Corea d%aexsgﬁwa%ge Although the performance of fabricated nanopores has been
Recently, Krapf et alused the high-energy electron beami 00 ' demonsFrate;d for S mgle 5) ':LA mo IeCU|.e dgtecﬁéhlanq size
keV) of a{ transmission electron microscope (TEM) to drill 2.5 and foldl_ng |dent|_f|cat|c_)n1, ' their appllca_mon to _nucle_lc acid .
. X . sequencing requires single-base resolution, which still remains
to4 nm holes in a §Nymembrane. Broadening the beam increases

X . the major hurdle as linear polymers translocate too rapidly.
the exposed area and reduces the intensity of the electron bearr]Resolving DNA transport at the single-nucleotide level requires

g{:ﬁg ;f’ agfggﬁﬁ?&i?ﬁ::;ggggsﬁri;hk?npogi %Z\ZE t(?bi;rvé da considerable reduction of the diffusion rate of the molecule
Y, 9 within the pore so that one base occupies the channel for at least

ina ?"'.00” oxide mer_nb_rarFeLow-en_ergy lon beam{S_keV)_ 0.01 to 1 mg8Inspired by recent experiments using engineered
irradiation of the proximity of prefabricated nanopores in&lgi biological channel3?-2°nanopore surfaces can be modified with

membre}ne has also been used for size reduction below the 'Onchemically reactive agents such as gold and silicon o%id2,
beam diametet.

Focused ion beam (FIB) is a versatile technique that allows  (10) Chen, P.; Mitsui, T.; Farmer, D. B.; Golovchenko, J.; Gordon, R. G;
the fabrication of structures ranging from a few tens of nanometers Branton, D-Nano Lett.2004 4, 1333-1337.

(11) Chang, H.; Kosari, F.; Andreadakis, G.; Alam, M. A.; Vasmatzis, G.;
Bashir, R.Nano Lett.2004 4, 1551-1556.
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1. Local reduction of membrane thickness evolution of pore diameter is controlled in real time by scanning
electron microscope (SEM) imaging.
FIB . .
20 rlm Au Experimental Section
3 Focused lon BeamLow-stress 100-nm-thick gy membranes
] 100 nm SiN were fabricated using standard procedures such as low-pressure

chemical vapor deposition, photolithography, and anisotropic KOH
4 etching to provide a 108 100um? free-standing SNy membrane.
10-15 nm For the fabrication of the nanopores, a dual-beam Nova 600
NanoLab (FEI Company) instrument was used. The principle of a
500 nm dual-beam instrument is described in more detail elsewlidrae
FEI FIB instrument was equipped with a liquid metal ion source
providing the Ga ions used for the sputtering process. First, the
100-nm-thick membrane was locally thinned te-15 nm using the

2. Drilling an initial nanopore standard FIB technique (Figure 1). To minimize charging effects
due to ion implantation and the formation of secondary electrons,
FIB the top side of the membrane was covered with a 20-nm-thick gold

coating that was removed by treatment in potassium iodide before
carrying out electrical measurements. Additionally, the sample was
irradiated with the electron beam during the sputtering process in
] I order to compensate for surface charging effects. Applying an electron
current 10 times higher than the ion current leads to sufficient surface
discharging. In a second step, a single small hole with a diameter
of 40 to 80 nm was drilled in the thinned membrane using FIB. To
achieve a sufficient small beam diameter, the experiments were
carried out with the ion acceleration voltage and current set to 30
kV and 10 pA, respectively; this results in a nominal beam diameter
of 12 nm (full width at half-maximum). Furthermore, the focus and
stigmatism of the ion beam were carefully adjusted, and the quality
3. Site-selective silicon oxide deposition of the beam was checked by drilling holes in the vicinity of the
membrane.
Electron-Beam-Assisted Silicon Oxide DepositionFour gas
HchO\Sl/OczHS SEM inlets were mounted onto the FIB instrument to allow the injection
P \ of gaseous precursors into the sample chamber while the ion or
HsC,0 OCH; Sio, electron beam followed the prescribed pattern. The adsorption of
specific precursors onto the surface of the substrate led either to ion-
- or electron-induced etching or the deposition of material depending
_‘1 L ontheintroduced precursor. With ion- or electron-induced processes,
the local deposition of materials such as @ platinum could be
- - carried out. The initial pore was locally functionalized by the
<10 nm deposition of silicon oxide using TEOS as a precursor. Typical values
of the electron beam acceleration voltage/curtgwere 10 kV/130
] o ) o _ PpA, resulting in a beam diameter of 3.6 nm. To reduce the deposition
Figure 1. Fabrication and local functionalization of a nanopore in - rate of TEOS on the substrate, the needle of the gas inlet system was
silicon nitride membranes. retracted to its standby position during the deposition process. The
pressure in the chamber wag x 10" mbar before and-1 x 10°°
which are suited for further functionalization with biomolecules mbar after TEOS gas injection. The temperature of the precursor
that directly interact with the translocating polymers. Importantly, reservoir was maintained at 27@ to obtain a stable gas flow. With
the capture probes must be localized in the interior or in the thistemperature and the given geometry, a flow efB3** molecules
vicinity of the pore in order to create a high local concentration S™* was established (Steve Reyntjens, personal communication).
of analytes and to exclude undesirable binding to the entire surface Additional HO was introduced into the sample chamber to enhance
Here, we present a simple technique for the fabrication of a TEOS decomposition and electron-induced Si@position.

functional single nanopore that satisfies all of the requirements holrzilzeocnttr;clfli'r\]/laeailljr&?ﬁggﬁ{g?&gﬂg?gﬁ;&’{gSégtév;sn r;gg?;%i
for efficient and versatile (bio)chemical modifications. The central yinapoy 4 y

. .7 cage with the Si substrate exposed to the top compartment and the
features of our approach are (i) the use of a low-stre@$;Si  free-standing SN, membrane containing the nanopore oriented in
membrane, (ll) direct visualization to control the final pore g fluid-exchange channel (bottom compartment). The nanopore-
diameter, (iii) local silicon dioxide (Sig) deposition with based chamber was exposed for 30 s to oxygen plasma (Harrick
subnanometer accuracy, and (iv) the prevention of ion contami- Scientific Corporation, NY) prior to symmetrical injection of freshly
nation during the reduction of the pore size. The procedure for degassed and buffered saline solution (1 M NaCl, 10 mM Tris-HCI,
nanopore fabrication described in this work is illustrated in Figure PH 7.4) in order to facilitate pore wetting. Both compartments were
1. In a circular region of 500 nm diameter, the 100-nm-thick connected to the external measuring circuit using Ag/AgCl electrodes.
low-stress SN, membrane is first thinned to L5 nm by FIB 'I;]he (Tlectrode_ln ;lhe bottom compartment was grounﬁlecti{ whereas
milling. Subsequently, a50 nm pore is drilled in the previously the electrode in the top reservoir was connected to the head stage

. ! : . : . of an Axopatch 200B amplifier (Axon Instruments, Foster City,
thinned membrane using FIB. The final pore diameter is achieved CA) in the voltage clamp mode. The applied voltage refers to the

by sequential silicon oxide deposition using the electron beam. yqiential in the top compartment relative to the ground potential in
The electron beam decomposes the adsorbed precursor tetraethyl

orthosmcaFe (S!(O@-|5).4, TEOS) Wlthln asmqll areaaroundthe (23) Giannuzzi, L. A.; Stevie, F. Alntroduction to Focused lon Beams:
pore to solid silicon oxide and volatile organic compounds. The Instrumentation, Theory, Techniques, and Practieringer: New York, 2005.

~50 nm
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Figure 2. Sequence of scanning electron micrographs demonstrating the controlled size reduction of a nanopore of 80 nm initial diameter.
The initial pore was drilled in a 15-nm-thick,8l, membrane using the FIB technique prior to local silicon oxide deposition in the presence

of TEOS as a precursor gas. The thinned membrane is the 500-nm-diameter circular area seen in the upper left picture. The total number
of scans is indicated. Scanning conditions wigre 1 us, ny = 1024, and HFW= 366 nm.

the bottom compartment. The signal was treated with a low-pass Dose (nC um)
Bessel filter at 1 or 10 kHz and recorded on a videotape using a 300 40 80 120
digital-type recorder (DTR-1204; Biologic, Claix, France). All \-\
experiments were performed at room temperature. LN
E 60+ -, 0.5 nm/ scan
Results and Discussion ‘;f: e ‘\,\

Nanopore Fabrication.Figure 2 shows a typical sequence of E 40k "‘\,\ ’\3\ A .
scanning electron micrographs demonstrating the controlled size B B
reduction of an 80 nm pore in a +A5-nm-thick SiNy membrane £ 5ol b |
by the deposition of silicon oxide. The oxide has been generated G Py
using electron-beam-induced decomposition of adsorbed TEOS. N
The deposited Sigfilm is restricted to the area that is irradiated 06 3'_5 7 10‘_5 :

by the focused electron beam resulting in a local functionalization
of the substrate around the nanopore. The pore diameter is igure 3. Diameter of nanopores as a function of the dose for two
gradually reduceq with succc_esswe _electron scans ata rat_e of 0. ndividual experiments. For the initial 80 nm pore (filled circles, top
nm per scan, which allows fine tuning of the nanopore size by axis), the scanning parameters are the same as in Figure 2, resulting

simultaneous real-time SEM imaging. Figure 3 depicts the pore in a single scan dose @ = 1.0 nCum~2 scarr®. The maximum
diameter as a function of the electron d@ewhich is related dose corresponds to the dose of 134 successive scans. For the initial

Dose (nC um2)

to a single scan by 45 nm pore (empty circles, bottom axis), the scanning parameters
arety = 0.3us,ny = 512, and HFW= 343 nm, leading to a single
n2 scan dose 0D = 8.7 x 1072nCum~2 scarr®. The maximum dose
1) corresponds to a dose of 91 successive scans. The doses per scan
*HEW? have been calculated using eq 1. Both dashed lines have an equal

slope of 0.5 nm scart.

Here tqis the dwell timeny is number of pixels in the horizontal
direction, and HFW is the horizontal field width. Thus, the total
dose can be calculated by knowing the number of single scans.
We performed experiments at two different electron doses per
scan: D = 1.0 nCum~2scan'? (high dose) and 8.% 1072nC
um~2scar! (low dose) (Figure 3). For both conditions, the pore
diameter decreases linearly with the number of scans, or total
dose, indicating that proximity effects do not play an important
role even below 10 nm. Moreover, the pores do not suddenly
close below a threshold diameter. Proximity effects are mainly
related to the formation of secondary electréhyith ~15- (24) Dobisz, E. A.; Marrian, C. R. K.; Salvino R. E.; Ancona, M. A.; Perkins,
nm-thick SiNy membranes, the generation of secondary electrons . K. J. vac. Sci. Technol., B993 11, 2733-2740.

is dramatically lowered and accompanied by a reduction in

proximity effects. A constant reduction of the pore diameter at

a rate of 0.5 nm per scan has been measured, which allows
precise control of the final nanopore diameter. This value was

highly reproducible over 25 fabricated nanopores.

The deposition rate remains constant for the different scan
parameters that we used in our experiments. Electron-induced
decomposition of the precursor is a heterogeneous process that
occurs on the surface of the substrate. Thus, the deposition rate
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is proportional to the surface coverageof the precursor A 200 mV
molecules® The change irf can be written as z:g
< 220
0(t)  gF 1 msJt) 8
T = A 00) — 60 — =0 () =
0 des 0 g —200 mV
3
(@]

=230
whereF is the precursor gas flovg is the sticking probability, g
m is the number of precursor molecules participating in the -260

reaction, ands is the reaction yieldJ(t), No, andrges are the
current density, the number of active surface sites and the
desorption constant, respectively. The first term in eq 2
corresponds to adsorption, the second to spontaneous desorption,
and the third to electron-induced reaction. In the absence of the
electron beam, the third term of eq 2 vanishes and the surface
coverage increases because of precursor adsorption. In the
presence of the focused electron beam, the third term of eq 2
becomes dominant, and the irradiated area is depleted in a very
short time. After depletion of the pixel area, the conversion rate
of TEOS to silicon oxide depends only on the adsorption rate
of TEOS, which is slow compared to the decomposition of the
adsorbed precursor. Therefore, above a certain Ogss scan,

the amount of silicon oxide deposited per scan becomes insensitive

Power spectral density S(f) (pA2!Hz} »

to the dose and thus constant. The elapsed time between two e L e
consecutive scans is on the order of 1 s, thus precursor molecules el 10 100 1000
can be reapplied to the surface before a subsequent scan converts Frequency (Hz)

them into deposited silicon oxide. As aresult, the electron-beam- _ .
induced deposition of silicon oxide can be well controlled. Figure 4. (A) lon current flow through a single nanopore coated

. . . ith ~18 nm silicon oxide with a final pore diametereff nm and
Because the deposition rate per scan in our experiments does noiltotal channel length o£35 nm. The applied voltages were 200

depend on the dose per scan, we conclude that for a single scamy (upper curve) aneg-200 mV (lower curve). The bathing solution
the average irradiation time of a pixel is long enough to decomposewas 1 M NaCl and 10 mM Tris-HCI, pH 7.4. (B) Low-frequency

all precursor molecules adsorbed within the pixel area. spectral densities of the nanopore currents. The gray curve is the
The thicknessl of a formal SiQ monolayer can be estimated ~background noise recorded at zero voltage. The low-frequency

using its density and molecular weight! component of the spectra can be fitted usingf ah function for

positively voltage biased pores andfart function for negatively
3 voltage biased pores. The bandwidth was 1 kHz, and the sampling

M frequency was 10 kHz.
d= 3)
PoNa

diameter. The diameter of the pores can be decreased monolayer

whereM = 60.08 g mot?, pp= 2.5 g cnt3, andN, is Avogadro’s by monolayer and thus controlled very precisely. (iv) With the
number. Equation 3 predicts the thickness of a formal,SiO €lectron beam, the deposition rate becomes independent of the
monolayer to be 0.34 nm. This simple calculation shows that at dose per scan above a certain threshold value. o contrast,
the given pressure of precursor molecules, silicon oxide can bean ion beam leads to the removal of material, and no deposition
sequencially deposited monolayer by monolayer, similar to atomic takes place.
layer deposition. This allows very precise control of the final Energy-dispersed X-ray analysis revealed carbon contamina-
pore diameter. tion, which might arise from imperfect decomposition of TEOS

The decomposition of TEOS as a precursor for8i€position and carbon residues originating from organic contaminants on
can also be performed using a FAB®Very recently, Nilsson the membrane. To reduce organic surface contaminants, the
et al?? achieved localized shrinking and functionalization of samples were cleaned by oxygen plasma treatment prior to the
500- to 1000-nm-diameter holes with oxide deposition by FIB- FIB experiments. In addition, the sample chamber was pumped
induced decomposition of TEOS. The oxide ring surrounding overnight before starting the experiments. The concentrations of
the pore can be modified with standard silane chemistry, showing carbon found in silicon oxide are similar for ion and electron
the usefulness of the approach for confined functionalization. beam deposition%.
However, electron-beam-assisted deposition offers a number of TEQS adsorbs on both sides of the membrane. The electrons
major advantages over the FIB technique: (i) Real-time imaging have enough energy to penetrate across the membrane, leading
of the pore diameter by SEM allows in situ feedback for growth to silicon oxide deposition also on the side of the membrane that
control. (i) The absence of gallium contamination ensures that is not directly exposed to the electron beam (back side). The
the pore surface is highly insulating. The resistivity of deposited deposition of silicon dioxide produces nanochannels with a final
silicon oxide films is 2 orders of magnitude higher using the |ength exceeding the pore diameter. Although short nanopores
electron-beam-induced deposition techniulean when using  provide a higher sensitivity for the electrical detection of
FIB. This is crucial for reproducible and low-noise electrical permeating analytes (the relative amplitude of current decrease

measurements of nonrectifying nanopot¥i) The deposition is inversely proportional to the channel length), the ability of
rate is slowef? which leads to better control of the final pore long nanochannels to detect single molecular events has been
demonstrated.

(25) Edinger, K.; Kraus, TJ. Vac. Sci. Technol., B00Q 18, 3190-3193. . P . .
(26) Lipp, S.. Frey, L.: Lehrer, C... Frank, B. Demm, E.. Pauthner, S.. Ryssel,  10Nic Current Characterization. Figure 4A shows typical

H. J. Vac. Sci. Technol., B996 14, 3920-3923. current recordings obtained from a single 40-nm-diameter and
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10-nm-long initial pore that has been functionalized with8 each behavior can be observed on an individual nanochannel at
nm silicon oxide on the top side of the membrane. Assuming that a specific polarity of the applied voltage. Thus, our device is
TEOS adsorption on the back side of the membrane lead3to  attractive for investigating charge-transport phenomena in
nm silicon oxide deposition, the final pore diameter and length confined systems. THe 1 noise reflects equilibrium conductance
are approximately 4 and 35 nm, respectively. The estimated fluctuations caused by structural dynamics of the channel wall
resistanceR of a cylindrical nanopore for freely diffusing ions  constituent$32The generation of this noise in our nanopores
(no interaction with the channel surfacej’i& may be related to reversible interactions between the permeating

ions and the negative surface charges distributed on the silicon
1 oxide layer constituting the pore walls. The origin of voltage-
2 o induced current noise asymmetry can be assigned to an
asymmetric potential energy profile for potassium ions interacting
Here, p is the bulk resistivityfe is the effective radius of a ~ With permanent negative surface charges of the pore. The
nanoporel is its length, and. is the Faxen correction factor, ~aSymmetry may be caused by the fact that one side of the
which accounts for frictional interactions between the permeating membran.e su.r.roundm'g the nanopore has been prgferer!tlally
ions and the channel walls. Usipg= 10.5Q cm (1 M NaCl coat_ed with silicon oxide or by a slightly asymmetric radius
solution) fefr =2 nm,L = 35 nm, and. = 0.9, which corresponds  Profile along the channel axfs.

L
R= +
p(ﬂ'fl’ 2

(4)

c' eff

to an ion to pore radius ratio of 0.05, a nanopore conductance

of 2.8 nS is calculated. This value is approximately 2 times
larger than the~1.2 nS conductance experimentally found. A

similar restriction on passive ionic transport at high salt
concentration has been observed in large water-filled biological
channel®® and in solid-state nanopofésand is attributed to

surface charge effects. Although the exact thickness of silicon
oxide deposited on the back side of the membrane is not known,

the resultis valid for any reasonable values of the channel length

There is an asymmetry in channel conductance with the sign

Conclusions

We have presented a simple procedure for the fabrication of
single nanopores that are locally functionalized with silicon oxide
by electron-beam-induced deposition. Because of successive
monolayer-by-monolayer deposition of silicon oxide, the final
diameter of the pores could be controlled with subnanometer
resolution. Furthermore, the silicon oxide is suited for further
biochemical surface modifications. Electrical characterization
ofthe nanopores revealed tie* behavior of the noise at negative
voltage, which originates from slow conductance fluctuations of

of the applied voltage. The averaged values of the currents arey,o open pore.

about 230 pA at 200 mV and250 pA at—200 mV (Figure 4A).
More pronounced is the asymmetry in current fluctuations with
the sign of the applied voltage. In contrast to the relatively smooth

The results suggest that the use of our nanopores for analyte
sensing is recommended at positive voltage, where low-frequency
current noise does not interfere with analyte-specific current

current curve for positive voltages, current fluctuations, corre- fluctuations. Artificial nanopores have been widely used for

sponding to a change in conductance of several hundred
picosiemens, have been observed with a negative voltage.

Stepwise current transitions occur over a wide range of time
scales and were observed at all studied voltages (fr&t to
—800 mV).

Averaged power spectral densiti§$) of current noise were
calculated for different voltages over Q0 segments of 10 s

nucleic acid detectioh®1%-18 The length of our channel largely
exceeds the size of single bases, precluding sequencing ap-
plication. However, the Si@coated nanochannel offers promising
features for further biochemical functionalization with silane
chemistry. Oligonucleotides or DNA-binding proteins can be
attached in the pore vicinity to capture single DNA molecules.
Moreover, the diameter of the pore can be adjusted (initial

corresponding to 100 000 points for each segment. Figure 4B i meter and thickness of silicon oxide) to allow the transport

shows that the low-frequency amplitude of current noise is 2
orders of magnitude higher at200 mV than at 200 mV.
Moreover, the open nanopore spectrum behavds am the
frequency range of ¥ f < 10 Hz at positive voltage, whereas

of larger objects such as nanopatrticles, collditisr immune
complexe® for high-resolution binding assays.
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