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Abstract: Solid-state nanopores are an emerging technology for the detection and analysis of 

biomolecules at the single-molecule level. Consisting of one or more nanometer-scale apertures in a 

thin, solid-state membrane, a number of methods have been utilized to make these devices. 

However, conventional approaches are either non-trivial to scale up or lack sufficient precision for 

many applications. In this chapter, we describe the use of the helium ion microscope to produce 

nanopores. We demonstrate control over diverse aspects of the device and discuss a range of 

applications that have been enabled by their implementation. 

 

1. Introduction  

In the 1940s, Wallace H. Coulter developed a method of quantifying blood cells[1] that was initially 

criticized for being unsophisticated. The apparatus was built by producing a hole of ~10 µM in a 

cellophane cigarette wrapper and placing it in between two isolated chambers containing electrolyte 

solution, thus ensuring the opening as the only passage through which the chambers could interact. 

The application of an electrical bias between the two chambers generated a measurable ionic current 

that corresponded linearly to the applied voltage and when cells in solution were forced through the 

pore by pressure, their brief presence resulted in a transient decrease in the ionic current. The 

number of spikes, or resistive pulses, could be used to enumerate the cells while their individual 

amplitudes were shown to correspond to cell type (red or white blood cell), since these differ in 

volume and displace ions proportionally. This simple detection principle is at the core of the Coulter 



Counter technology that has revolutionized the field of hematology and is still widely employed in the 

clinic [2].  

 Several decades later, another revolution is underway that is based on the same principle, but 

instead occurs at the nanoscale and probes individual molecules. This is being realized by the 

emerging technology of solid-state (SS-) nanopores[3, 4], wherein a nanometer size aperture is 

generated in an insulating membrane, most commonly through the use of charged particle beam 

fabrication techniques. As in the Coulter device, the chip containing a nanopore is positioned in a flow 

cell and electrolyte solution is introduced to the chambers, enabling a voltage-induced ionic current 

that can be measured in real-time using a patch-clamp amplifier. Using this system, molecules like 

DNA[5, 6], RNA[7], proteins[8, 9], and nanoparticles[10, 11] can be electrically threaded from one 

side (cis chamber) to the other (trans chamber) while being individually probed (Fig. 1).  

 Investigation at the molecular scale using SS-nanopores was first demonstrated[12] by the 

Golovchenko group in 2001 and has since been developed into a remarkably expansive technology, 

extending far beyond simple counting. For example, the system has been used to probe DNA-protein 

interactions[13–16], DNA epigenetics[17–19], and nucleic acid biomarkers[20, 21], and used to 

generate devices that mimic  nanopores found in nature, like the nuclear pore complex[22] and 

porins[23]. Simultaneously, significant advancements have been made towards understanding the 

fundamental physics of nanoscale confinement, such as ionic screening[24], electrical forces[25–27], 

translocation dynamics[6, 28], and the effects of solvent conditions[29–34]. Understanding these 

mechanisms is important both for improving devices and for developing novel measurement 

techniques.  

Critical to all of these areas has been the realization of the SS-nanopore devices themselves, 

towards which several fabrication methods have been developed. The first demonstrated approach 

was ion beam sculpting[12], in which a defocused ion beam is used to controllably reduce the size of 

a pre-fabricated micropore. By monitoring ionic flux during the closing, a single nanopore can be 

produced with sub-nanometer precision. Soon after, devices were also demonstrated using 



transmission electron microscope (TEM) ablation of a thin membrane[35]. Similar precision is 

achievable with this method, and by virtue of the relative availability of TEM systems, it has become 

widely embraced by the field. Later, Ga+ focused ion beam (FIB) milling was also shown to be able to 

produce nanopores[36]. However, each of these charged particle beam approaches has significant 

challenges. For instance, both ion beam sculpting and TEM are low-throughput techniques, able to 

accommodate only a single device at a time, and can require many minutes to hours to produce a 

single pore. Ga+ FIB overcomes throughput, but at the expense of precision and resolution; it can 

typically produce pores only as small as about 15 nm and with low reproducibility. More recent 

innovations like the dielectric breakdown technique[37] offer tremendous advantages in fabrication 

cost, but may still have limitations in aspects of fabrication like throughput or array formation.  

One candidate technology that can address many of these challenges is the scanning helium 

ion microscope (HIM). In this chapter, we review HIM nanofabrication as it relates to SS-nanopores, 

showing not only rapid and precise pore definition, but also the ability to manipulate other device 

properties as well. Finally, we describe a wide range of biosensing applications that have been and 

are currently being addressed using HIM SS-nanopores. 

 

2. HIM Milling of SS-nanopores 

 Milling by FIB is a well-characterized process that occurs by sputtering[38] when ions impinge 

on a surface with sufficient acceleration to knock out substrate atoms through nuclear-nuclear 

interactions (Fig 2 scheme). The minimum feature resolution achievable through sputtering depends 

principally on two factors: the amount of momentum transfer and the size of the focal spot (i.e. 

exposure area). For example, conventional FIB uses large Ga+ ions (70 amu) with a typical 

acceleration voltage of 5-30 kV and can achieve a focal spot[39] of only ~10 nm. Consequently, the 

smallest nanopores that can be realized by the approach are ~10-20 nm, with low reproducibility[36, 

40]. By virtue of using much smaller He+ ions (4 amu), an atomically sharp source, and advanced 



focusing optics to achieve a focal spot[41] of ~0.34 nm, HIM improves significantly on these resolution 

limitations. As a result, it is a superior technology for the fabrication of SS-nanopores. 

 

2.1 Nanopore Formation 

Nanopores were fabricated in a thin, free-standing silicon nitride (SiN) membrane supported by a Si 

chip. For the measurements presented here, we used 30 nm thick SiN membranes that span an area 

of ~250 µm2 in a 4.4 mm Si support frame with a thickness of 200 µm. Considering this particular size 

and the 50 mm X-Y travel range of the HIM sample stage, up to a 100 individual devices could be 

processed in a single sample exchange load cycle. However, the process is amenable to a wide 

range of device dimensions that could enable even more. Before mounting, chips are rinsed with 

acetone and ethanol, dried under nitrogen gas flow, and subsequently placed in a custom-built HIM 

sample holder. The holder containing the samples was treated under oxygen plasma (150 W) for 2-5 

minutes to ensure removal of organic contaminants and was then immediately placed in the HIM 

sample exchange chamber, where it underwent a further 3 minutes of air plasma treatment (10 W) 

before being transferred into the main chamber. This ensured elimination of minor contamination 

acquired in transit.  

Once the sample stage was transferred into main imaging chamber, HIM beam current was 

adjusted through selection of appropriate condenser lens setting and aperture size and adjustment of 

He supply pressure. We typically utilized currents of at least 5 pA for SS-nanopore fabrication, but 

have achieved good results with at <1 pA as well. Low magnification imaging of the Si chip was used 

to determine the exact position of the SiN window and the beam was positioned on the Si substrate 

immediately adjacent to it. To ensure that the beam focus and stigmation was fine-tuned prior to 

fabrication, a brief (5-10 sec) single spot exposure of the beam was used to produce a feature in the 

substrate that was subsequently used to optimize the beam conditions in conventional imaging mode. 

Immediately following this, the beam was blanked and the SiN window was moved into the beam 

path. Lithographic control elements were then used to perform beam exposure for a set time, 



progressively sputtering material and generating a single nanopore. Using measurements from low-

energy (<150 kV) TEM images, we have found that SS-nanopore size varies with total incident ion 

dose (Fig. 2b). For a given dose, we observed only minor variation (±2-3 nm) in pore diameter, 

indicating high reproducibility. Post-fabrication analysis of the pore can also be acquired through 

transmission imaging, but resolution is limited and the imaging beam may affect pore dimensions.  

The ionic resistance of each pore can also be used to confirm the fabricated dimensions using 

a simplified conductance model. Toward this end, a chip containing a single SS-nanopore was rinsed 

with clean deionized water (DiH2O) and pure ethanol and then dried under air flow. Following an air 

(or oxygen) plasma treatment (15 W) for 2-5 mins per side, the chip was positioned in a custom flow 

cell and high ionic strength electrolyte solution (1 M KCl) was introduced to both sides of the device. 

Ionic current was measured with a commercial patch-clamp amplifier (Axopatch 200B, Molecular 

Devices) by way of a pair of Ag/AgCl electrodes. All devices exhibited linear I-V curve characteristics 

and steady, low noise baseline current. Indeed, comparison of identical devices fabricated by TEM 

and HIM showed no significant difference in noise characteristics[42]. The diameter, d, of a SS-

nanopore can be determined from its measured conductance, G, through the equation[29] 
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where Leff is the effective thickness of the membrane near the nanopore, µK and µCl are the 

electrophoretic mobilities of potassium and chloride (7.616 and 7.909 × 10−8 m2 V−1 s−1, respectively), 

nK is the number density of counterions, e is the elementary charge and σ is the surface charge 

density of the membrane material. This model provides an independent verification of device 

dimensions, which we find to be in good agreement with direct TEM analysis[42].   

In general, ion milling can be described by the relation[43]:  

€ 

log(d) = a + blog(D) , 

where d is feature dimension (SS-nanopore diameter), a and b are correlation constants, and D is the 

total ion dose. As a result, HIM pore formation would be expected to manifest as a linear relationship 



on a log-log scale. However, we clearly observe two separate linear regimes: a fast pore growth rate 

regime below for small diameters, which then transitions to a slower increase for larger diameters[42]. 

This transition occurs consistently at a diameter of ~10 nm across a range of initial conditions[44]. We 

interpret this observation to be the result of nanopore shape. The intense center of the Gaussian 

beam is able to sputter the initial SiN membrane efficiently, resulting in a high growth rate. However, 

beyond the Full Width Half Maximum (FWHM), sputtering is induced only by the less intense edges of 

the beam, resulting in a significantly lower yield. Thus the transition between these two regimes is 

related to beam characteristics and is intrinsic to the approach. 

 

2.2 DNA Translocation 

Having established the ability to produce SS-nanopores with HIM milling, we next turn to the central 

aspect of their utility in single-molecule detection. While ionic current measurements were 

demonstrated, a number of factors could be important to supporting molecular translocation, including 

implanted charge, surface roughness, and microscopic pore shape. Therefore, direct confirmation of 

device viability is critical. 

We used translocation of the well-characterized λ bacteriophage double-stranded (ds-) DNA 

genome (48 kbp) as a model because it is the most widely studied material in the field and is 

therefore an ideal benchmark. Figure 3a shows a typical conductance trace with characteristic 

discrete event amplitudes at integer multiples of the first non-baseline conductance level. The spacing 

of these event profiles (Fig. 3b) are indicative of the conformation of DNA molecules as they pass 

through the pore: a molecule translocating linearly reduces the conductance by a standard amount; a 

singly-folded molecule reduces it twice as much, and so on (Fig. 3c). These data are in agreement 

with numerous previous reports[5, 6] and confirm that translocations dynamics through HIM 

nanopores are essentially indistinguishable from those made by other fabrication methods. 

 

2.4 Nanopore arrays 



SS-nanopore arrays will enable parallel sensing platforms that have high throughput and thus 

potential for wide-ranging applications. While several studies have utilized nanopore arrays, the 

methods used to achieve them have suffered from either prolonged, manual fabrication time[22] or 

have required sophisticated post-fabrication treatments such as atomic layer deposition (ALD) to 

reduce pore sizes to optimal dimensions[45]. Each of these factors affects throughput and overall 

cost of production.  

With HIM milling, arrays of arbitrary dimension and consisting of individual pores as small as 2-

3 nm can be achieved. Using the integrated HIM lithographic system, the position and exposure time 

of each pixel in a pattern file can be controlled with no loss in resolution and no further alignment 

necessary. For example, Figure 2c shows an array of 100 individual SS-nanopores in a single device, 

each with a diameter of 5 nm. The total fabrication time for this array was about a minute. While the 

total number of pores can in principle be expanded without restraint, there are practical limits imposed 

by factors like sample linearity (substrate position relative to focal plane) and dynamic instrumental 

drift (stage, stigmators), which can alter beam conditions over time. Nonetheless, we have produced 

arrays of up to 104 pores and observed good reproducibility between the first and last pore formed. 

 

2.5 Applications of HIM drilled Nanopores 

SS-Nanopores offer the distinct advantage of single-molecule analysis of biomolecules and offers 

insight into their functions and interactions. Of the many potential and realized[46] applications of the 

platform, we describe here three research areas that have been impacted directly by HIM nanopores: 

induced DNA damage; nucleoprotein interactions; and selective quantification of DNA with single-

base modifications.   

DNA damage by depurination is a common process that occurs spontaneously under 

physiological conditions[47]. Here, the loss of adenine and guanine nucleotides occurs due to 

hydrolysis of the N-glycosyl linkages to the deoxyribose backbone resulting in an apurinic (AP) site. 

Under normal conditions, these lesions are repaired by the base excision pathway (BER) and 



therefore occur at a low frequency. However evidence suggests in disease states such as 

cancers[48] and anemia[49] where homeostatic conditions are compromised, AP site damage is 

enhanced. Therefore, a rapid and direct determination of DNA damage would allow disease initiation 

and progression to be monitored. HIM nanopores have been employed to detect depurination using 

short (61bp) dsDNA molecules as a demonstration vehicle[50]. DNA depurination was induced by 

incubating molecules at various pH (ranging from 2-10) and subsequently performing SS-nanopore 

analysis. Under all investigated pH conditions, translocation event depth (amplitude) was found to be 

consistent, indicating conformational integrity. However, under increasingly acidic conditions, event 

durations transitioned from a single, defined population to a biomodal distribution (Fig. 4a). The first, 

unyielding population was attributed to translocation of unmodified dsDNA, while the second 

population emerged due to increased DNA damage. The generation of AP sites resulted in strand 

separations and unstructured regions that caused increased interaction with the pore walls. 

Excessively damaged DNA was shown to exhibit mean translocation durations more than an order of 

magnitude greater than the unmodified duration. Thus, the results clearly demonstrated label-free SS-

nanopore detection and rough estimation of DNA depurination. 

 HIM nanopores have also been to used to analyze nucleoprotein structure. To this end, the 

selective interaction of single-stranded DNA binding protein (SSB) with single-strand (ss-) DNA to 

form nucleoprotein complexes was investigated[51]. Saturated nucleoprotein complexes were 

discriminated from free SSB, ssDNA and dsDNA individually by virtue of their characteristic 

translocation event depth (ΔG). Binding dynamics were also studied by titrating SSB against ssDNA. 

Figure 4b depicts ΔG histograms for SS-nanopore measurements as protein concentration was 

increased, showing that mean event depth shifts progressively due to complex formation. 

Additionally, nucleoprotein structure was probed by comparing linearized and circular ssDNA 

constructs, yielding a new model of filament formation. 

 As a final example, HIM SS-nanopores have been used to achieve selective detection and 

quantification of dsDNA featuring a single base modification[52]. This was realized through a novel 



assay called drag-regulated nanopore translocation (DRNT). There are several key forces at play in 

the SS-nanopore system, including the driving force of electrophoresis (EP), the opposing force of 

electroosmosis (EO), and viscous drag. The net force experienced by a molecule determines its 

speed and direction, and consequently whether it can be detected by a SS-nanopore. For example, 

Plesa et al. demonstrated that most proteins are undetectable using conventional electronics due to 

rapid translocation speed[9]. Likewise, under conditions where EO force is comparable to or greater 

than EP, the translocation process is inhibited[24]. In DRNT, two types of undetectable molecule – 

one that threads rapidly and one that resists translocation – are transitioned to a resolvable speed via 

specific binding. In the initial demonstration, these components were a monovalent streptavidin (MS) 

[53, 54] protein variant that is compact and highly charged and thus experiences dominant EP force, 

and a short, dsDNA featuring a biotin tag (i.e. the high-affinity recognition molecule of streptavidin), 

which itself translocates at an insignificant rate under select conditions. However, when the 

components are bound together to form MS-dsDNA complex, a remarkable increase in the rate of 

translocation events is observed (Fig. 4c). This is a result of a rebalancing of forces such that the 

complex is pulled through the pore at a detectable speed. Since events were due exclusively to the 

bound population, event rate could be used to discriminate MS-dsDNA among a background. Indeed, 

biotinylated dsDNA was detected and quantified among a mixture of unlabeled molecules[52]. This 

powerful approach should be able to probe a wide range of biomolecules with intrinsic selectivity and 

sensitivity. 

 

3. Manipulation of Device Thickness 

The detection of small molecules or features along the length of large molecules is a specific 

challenge for SS-nanopore detection, driven largely by limitations in the signal-to-noise ratio (SNR) of 

the electrical measurement. One approach to addressing this challenge has been the use of 

nanopore devices fabricated in ultrathin membranes[20]. Toward this end, 2D materials such as 

graphene[56, 57], MoS2[57], and boron nitride[58] are being pursued as alternate membrane 



materials. However, integrating these materials is considerably more difficult than with Si-based 

materials, and they often bring with them additional challenges like substantial interaction with target 

biomolecules that can frustrate nanopore analysis[55]. An alternative approach instead aims to 

manipulate the thickness of conventional membranes through top-down processing. For instance, 

lithographically-defined reactive ion etching has been used to reduce the thickness of SiN 

membranes prior to SS-nanopore definition, thereby enabling analysis of short nucleic acids [20, 59] 

and protein structure[60]. However, this approach still requires considerable processing in addition to 

pore formation. HIM offers an ideal solution as a single method that is capable of both local 

manipulation of membrane thickness and nanopore milling. 

 

3.1 Membrane thinning 

Just as sufficient HIM beam dose at a single point can result in complete sputtering of SiN atoms to 

form nanopores, exposure to a reduced dose across a localized region can induce more limited 

damage that can be used to control substrate thickness. In the case of a thin membrane, there are 

two types of sputtering interactions to consider: direct sputtering, which occurs by removal of atoms 

by direct interaction at the point of incidence, and transmission sputtering, which occurs by both direct 

and indirect removal of atoms at the opposite (exiting) surface (Fig 5a). Both of these contribute to 

membrane manipulation and must be characterized to achieve a desired thickness.  

Early investigation[61] of this process focused on direct topographic analysis by atomic force 

microscopy (AFM). To accomplish this, two Si chips containing SiN membranes were introduced to 

the HIM chamber, one with its flat (unetched) surface facing up and one facing down, and the beam 

condition was adjusted as described in Section 2. Here, an initial membrane thickness of 105 nm was 

used for easier characterization. HIM lithographic patterning was then used to produce an identical 

series of 500 nm square patterns on each chip with increasing total doses. Importantly, each pattern 

was exposed by repeatedly rastering over the pattern to reduce redeposition of ablated material[62] 

or sample charging. Following processing, the flat surface of each chip was analyzed by AFM for a 



complete quantitative description. From these measurements, direct milling depth was found to vary 

linearly with total incident ion dose while transmission milling depth varied with the square of the 

dose. While transmission milling was considerably less efficient than direct milling, as expected 

qualitatively from its mechanistic nature, it was found to contribute significantly to overall membrane 

thickness. Thus, the combination of these two milling rates could enable arbitrary membrane 

thickness to be achieved.  

While robust, the AFM approach adds additional analytical burden to the membrane thinning 

process. A more powerful technique was realized when scanning transmission ion microscopy (STIM) 

was shown to allow quantitative, in situ assessment of membrane thickness[63]. In STIM, an image is 

formed using secondary electrons produced at a metal surface below the SiN membrane. In this 

case, image brightness is reduced by scattering losses in the beam, and so thinned regions will 

appear progressively brighter than the surrounding membrane (Fig. 5b). Crucially, pixel brightness 

was demonstrated to scale directly with membrane thickness, such that a single calibration of image 

brightness to actual membrane dimension (Fig. 5c) enables thickness determination from a single 

STIM image. As a result, membrane manipulation and characterization could be achieved in a single 

step. 

 

3.2 HIM control of SS-nanopore device dimensions 

Subsequent to membrane thinning, SS-nanopores can be fabricated in the in the same processing 

step (Figure 6a). However, the dose-diameter relationship of HIM pore formation (see Section 2.1) 

depends acutely on membrane characteristics. As a result, a quantitative understanding how pore 

formation varies with membrane thickness is critical.  

An assessment of this interplay was carried out by measuring SS-nanopore diameter 

dependence on exposure dose as a function of membrane thickness[44]. Because thinner 

membranes require less sputtering to produce a pore of a given size, the trend is observed to shift to 

lower dose with a monoexponential dependence as membrane thickness is reduced (Fig. 6b). This 



analysis enables comprehensive control over SS-nanopore device dimensions in a single step. Using 

these findings, pores as small as 2 nm can be produced in a membrane only 1.4 nm thick (Fig. 6b 

inset). It is also important to note that regardless of the membrane thickness, pore formation follows 

the same two-regime growth that was observed in native membranes[42], with the transition from fast 

to slow growth appearing consistently at a ~10 nm diameter.  

 To confirm the viability of HIM-thinned devices and their utility in enhancing SNR, a 

comparative analysis of dsDNA translocations through SS-nanopores with identical diameters (~3.2 

nm) fabricated in membranes with disparate thickness (4.5 ± 0.6 nm and 24.5 ± 0.8 nm, respectively) 

was conducted. Ionic current was used to confirm the device dimensions before measurement, 

showing that actual pore diameter matched well with the target size. Measurement of 3 kbp dsDNA 

translocation events showed conclusively[44] that use of the thinned device improved SNR by about 

a factor of 2 (Fig 6c).  

 

3.3 Applications of HIM-thinned SS-nanopores 

While the operating principle of resistive pulse sensing is straightforward, the resulting electrical 

signals can be surprisingly complex and thus challenging to interpret. One source of this behavior is 

the interaction of biomolecules with the access regions[64], a sensing volume that extends from both 

openings of the nanopore and into the measurement solution. Several studies have suggested that 

complicated conductance blockade levels can arise for dsDNA due to stochastic interactions with the 

access regions or occur prior to threading of dsDNA into the pore[7, 65–68]. However, a definitive 

explanation has not been presented, in part due to SNR limitations in conventional devices. SS-

nanopores formed in HIM-thinned SiN membranes have enabled new investigations into the origin of 

these heretofore unexplained aspects of translocation events[69]. Figure 7 shows an example of 

signal complexity, depicting event depth (ΔG) histograms with Gaussian fits (grey lines) for 3 kbp 

dsDNA translocations through a 3.4 nm diameter pore fabricated in a 4.5 nm thick membrane. 

Crucially, across all investigated voltages (50-400mV), distinct populations emerged, the mean ΔG of 



which evolve with applied voltage (Fig 7a). Each conductance population was attributable to a distinct 

type of interaction: the deepest events (green) were caused by non-translocative perpendicular 

blockages of the pore by the dsDNA; the intermediate level events (blue) were linear translocation 

through the pore; and shallow events (red) were transient interactions with only the access region 

(Fig. 7b). Each of these could be described by a simple geometric model. A detailed understanding of 

translocation dynamics and elucidation of translocation signals is important towards accurate data 

assessment and analysis in all SS-nanopore measurements, but especially in studies using thin 

nanopore devices[19, 70] where these effects are pronounced.     

 

4. Manipulating Intrinsic Membrane Fluorescence  

The conventional measurement of conductance through SS-nanopores has been a powerful tool for 

biomolecule characterization, but has limitations. Critically, electrical measurements on multiple 

nanopores simultaneously is challenging, requiring sophisticated electronics and separated 

measurement chambers. As a result, massively parallel detection schemes are difficult to execute, in 

spite of the potential benefit to detection throughput and costs.  An alternate approach that could 

address this obstacle is the employment of single-molecule fluorescence as the detection 

mechanism. Here, the use of fluorescent molecules or buffer components[71–73] allows 

translocations to be monitored through direct, high-speed optical during the application of voltage. 

The technique offers several potential advantages. First, direct observation can be conducted in wide-

field, enabling simultaneous detection on arbitrary numbers of pores, limited only by field of view and 

diffraction. Furthermore, the use of multispectral imaging and the integration of powerful techniques 

like total internal reflection microscopy (TIRF)[74] and Förster resonance energy transfer (FRET)[75] 

could facilitate additional flexibility, sensitivity, and selectivity. 

A critical factor in optical detection is the photoluminescence (PL) of the solid-state membrane. 

Intrinsic PL increases the fluorescence noise floor, and so should be minimized in an ideal device to 

maximize resolution and to enable a wide-array of flourophores. Importantly, most common 



membrane materials exhibit considerable PL, including SiN, which emits in the important wavelength 

range of 400-800 nm. However, few studies have addressed PL in optical SS-nanopore detection. 

Recently, dela Torre et al. demonstrated[45] that atomic layer deposition of TiO2 could be used on 

nanopores fabricated in SiN by FIB to both control pore diameter and reduce membrane PL. 

Additionally, Schmidt et al.[76] used electrochemical etching to  fabricate nanopore arrays in a silicon 

membrane, chosen in part for its low inherent PL. However, these methodologies required additional 

fabrication steps or produced thick devices with low yield, respectively. Therefore, there is a need for 

integrated fabrication techniques that can rapidly address membrane PL and produce SS-nanopores 

concomitantly.  

 

4.1 HIM Photoluminescence Reduction 

SiN PL is thought to arise from the presence of nanocrystalline domains within the matrix that act as 

radiative centers[77, 78]. Therefore, amorphization of those domains is a direct route to controllable 

reduction of membrane PL. With HIM, it has been demonstrated[79] that the beam penetrates 

substrate material efficiently, resulting in atom-atom interactions and implantations that can affect the 

internal structure. Therefore, by utilizing beam doses lower than the SiN surface binding energies (i.e. 

doses that do not sputter significant material), internal amorphization could be achieved with minimal 

change to membrane thickness or roughness (Fig. 8a).  

To investigate this, a 30 nm thick SiN membrane was patterned with varying He+ ion doses, 

similar in methodology to membrane thinning described above (Section 3.1), and then imaged using 

TIRF microscopy. This treatment resulted in a clear reduction of membrane PL (Fig. 8b) that 

decreased exponentially with ion exposure. For example, greater than 90% of membrane PL was 

removed with a dose of 300-400 ions/nm2; an exposure that would result in a mean decrease in 

membrane thickness of less than 1 nm. As a result, removal of essentially all PL does not significantly 

alter overall membrane morphology.  



Following PL suppression, the HIM beam can subsequently be used to fabricate SS-

nanopores within the patterned region using the dose-diameter relationship of the native membrane. 

The device can then be used to detect fluorescently-labeled biomolecules with minimal interference. 

As a demonstration, a 4 µm square region was exposed with a dose of 400 ions/nm2 to remove PL 

and a single 5 nm pore was subsequently fabricated at its center. After mounting the device in a 

custom holder, a 2.8 kbp dsDNA with a fluorophore label (Cy3) was introduced and subjected to 

electrokinetic translocation. Figure 8c shows typical traces obtained from the device, first in the form 

of conventional ionic current measurement and then as dynamic nanopore fluorescence derived from 

high-speed video (500 Hz) of TIRF observation during the applied voltage. While these 

measurements could not be conducted simultaneously, analysis of both traces yielded event rates 

0.45 Hz, demonstrating correlative results.  

 

4.2 Application of HIM Photoluminescence Reduction 

Optical detection can enable massively parallel detection schemes by allowing analysis of dynamic 

fluorescence across many SS-nanopores simultaneous. An important design aspect to consider for 

this purpose is the ability to accurately localize each individual pore. The HIM fabrication process 

addresses this issue inherently. Since the total He+ ion beam diameter (i.e. the full width of its 

Guassian intensity profile) is larger than the nanopore that results from a single point exposure, the 

region around the pore edges is subjected a significant ion dose that decreases radially in intensity. 

The local PL is thus suppressed during normal pore formation, manifesting as a non-emitting region 

around the pore that can typically extend 100-300 nm past the edge of the SS-nanopore[79].  

In following, the PL of a 5 um square region in a SiN membrane was reduced by ~80%, and an 

array of 400 individual SS-nanopores (diameter ~5 nm) was fabricated in its confines. Each individual 

pore is resolvable as a dark spot in a wide-field TIRF micrograph (Fig. 9a). DNA translocations were 

then performed under application of 1 V bias and while collecting TIRF microscopy images at a rate 

of 675 Hz. To avoid issues with pore-fouling, short (55 nt) ssDNA homopolymers were investigated, 



each containing 3 Cy3 fluorophores.  Stochastic increases in fluorescence intensity could be 

observed at the site of individual SS-nanopores (Fig. 9b), indicative of molecular translocations; 

importantly, such analysis could be performed simultaneously across the array with a single video.  

Transient diffusion of labeled molecules into the sensing volume could contribute to the optical 

translocation events observed in these traces. To explore this issue, dynamic fluorescence intensity 

was also analyzed in regions adjacent to the array, but not at the location of a pore, where diffusion 

can still deliver molecules but there is no electrical driving force. The rate of events in these regions 

was found to be 0.03 Hz; about an order of magnitude lower than the 0.27 Hz rate observed at the 

location of SS-nanopores. Therefore, at least 90% of the optical events collected throughout the 

nanopore array are attributable to electrokinetic translocation.  

 

5. Conclusions and Outlook 

In conclusion, HIM milling is a versatile and rapid technique for fabricating SS-nanopores devices, 

offering tremendous control over device dimensions and properties. The capabilities of this approach 

are best captured as a function of He+ ion dose (Fig. 10). At high doses (>~106 ions/nm2), the HIM 

beam can rapidly sputter membrane material to form SS-nanopores. Through control of beam current 

and exposure time, pore diameters can be produced with high precision (±2-3 nm) and resolution 

(down to ~2.5 nm). Crucially, HIM features like a large range of stage motion and lithographic beam 

control enable high throughput processing and array formation as well. At intermediate doses (~103-

105 ions/nm2), the HIM beam is able to sputter some but not all membrane material, resulting in 

controllable reduction in thickness. This process is patternable and can be used to realize membrane 

regions as thin as 1-2 nm, which can subsequently be targeted for SS-nanopore formation to achieve 

high measurement sensitivity. Finally, at low doses (<~103 ions/nm2), the HIM beam can be used to 

control intrinsic membrane PL by causing internal structural deformation (e.g. amorphization of 

radiative centers) without inducing significant sputtering. As a result, membrane fluorescence can be 

reduced or removed while maintaining its initial dimensions. Subsequently, PL reduction was 



achieved using TEM as well[80], however that instrument is difficult to incorporate into high-

throughput fabrication. 

We have described here several applications of HIM SS-nanopore devices that take 

advantage of the various aspects enabled by the fabrication method. From selective detection of 

modified DNA to elucidating electrokinetic translocation dynamics to massively parallel sensing, these 

efforts establish the utility of both the platform in general and devices produced by HIM in particular. 

In continuing work, these measurements will be expanded and improved. For example, the DRNT 

assay developed with HIM nanopores is currently the focus of extensive research as a possible route 

toward nucleic acid biomarker identification. Such a capability could be a valuable asset for the rapid 

diagnosis of diseases like cancer[81] and Alzheimer’s disease [82]. Additionally, the potential for 

massively-parallel analysis could be an important capability for a future high-throughput genetic 

sequencing device[83].  

 SS-nanopores hold remarkable potential as the basis of a wide range of cost-effective and 

highly sensitive detection devices. As a consequence, they could revolutionize the future of medical 

diagnostics, just like the Coulter Counter did decades ago. However, one of the most daunting 

obstacles to their development and integration is simple availability. Since the introduction of platform, 

several fabrication strategies have been effectively employed, but each has brought with it significant 

limitations in speed, resolution, or throughput. As we have discussed here, HIM addresses each of 

these challenges while also offering tremendous flexibility in controlling a range of additional device 

characteristics that will result in a more versatile system. Accordingly, the capabilities afforded by 

helium ion microscopy will play a critical role in the future of SS-nanopore technologies. 
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Figure 1. SS-Nanopore detection scheme Depiction of a biomolecule translocation with 

corresponding ionic current signal below: (a) baseline open-pore current; (b) threading of the 

molecule decreases ionic current; (c) current returns to baseline upon molecular passage. The total 

electrical signal is referred to as an event.  



 

Figure 2. HIM Nanopore fabrication (a) Cross-sectional illustration of HIM components. Inset: 

schematic of nuclear interactions of the impinging ionic beam with sample. (b) Log–log plot of He+ 

dose versus resultant nanopore diameter showing a fast rate below ∼10 nm and a slower one above. 

Solid lines are power law fits to the respective regions. Inset: TEM images of individual HIM 

nanopores with diameters (L-R) of 5, 10 and 20 nm. Scale bars are 20 nm. (c) STIM micrograph of a 

10 × 10 array of 5 nm diameter nanopores.  



 

Figure 3. DNA translocation through HIM Nanopores (a) A typical measured conductance trace 

(150 mV applied voltage, low pass filtered at 5 kHz) showing downward spikes indicative of 48.8 kbp 

dsDNA translocations.  (b) Examples of individual events from the conductance trace in (a), indicating 

the translocation of unfolded (left), partially folded (center) and folded (right) dsDNA. Dashed lines 

represent baseline and discrete conductance blockade levels. (c) Diagrammatic illustration of dsDNA 

conformation corresponding to each event in (b). 



 

Figure 4. Applications of HIM Nanopores (a) Detecting DNA depurination[50]. Event duration 

histograms for 61 bp DNA translocation events from pH 10 (top) to pH 2 (bottom). Total numbers of 

events considered are n = 714 (pH 10), 662 (pH 8), 552 (pH 6), 423 (pH 4) and 1852 (pH 2). The 

black lines represent Gaussian fits to the data (pH 10 & 8: single peak; pH 6 & 4: two peaks; pH 2: 

three peaks). The prolonged translocation dwell times (blue arrows) indicate progressive DNA 

damage represented by the cartoon schematic next to the histograms. From Ref. 50. (b) 

Nucleoprotein complex analysis[51]. Mean conductance blockade (ΔG) histograms for ssDNA 

incubated with SSB in ratios of 1:0 (ssDNA alone, n = 551, black), 1:114 (n = 1048, red), 1:199 (n = 

682, green), and 1:284 (n = 517, blue). The illustration (top) represents progressive complex 

formation as SSB concentration is increased. (c) DRNT detection of modified dsDNA[52]. Event rate 

vs. applied voltage for 150 bp dsDNA containing a single biotin (red crosses), MS (black diamonds) 

and dsDNA:MS (blue circles). DNA concentration was 1 µM and MS concentration was 2 µM. Solid 

lines are exponential fits to the data. Inset: Illustration of DRNT differentiation of dsDNA:MS complex 

(green arrow) from either constituent molecule.  



 

Figure 5. Manipulation of device thickness (a) Schematic representation of direct and transmission 

milling. Arrow indicates incident He+ ion beam and milling direction. (b) STIM micrograph of an array 

of 100 nm squares milled in a SiN membrane. Scale bar is 200 nm. (c) Relationship between total 

He+ ion dose and remaining thickness of a SiN membrane (initial thickness 35 nm), determined in 

situ by measuring relative STIM brightness of patterned regions compared to native membrane.  



 

Figure 6. Fabrication of ultrathin nanopore devices (a) STIM micrograph of a nanopore array 

fabricated in a 500 nm2 thinned region of the SiN membrane. Scale bar is 100 nm. (b) Log-log plot of 

ion dose vs. resulting pore diameter over a range of membrane thicknesses: (L-R) 4.5 nm 

(diamonds), 7.9 nm  (downward facing triangles), 11.3 nm (upward facing triangles), 14.8 nm 

(circles), and 18.2 nm (squares). Each data set indicates a fast regime (left) and a slow regime (right) 

of pore growth with a transition in slope at a diameter of ~10 nm. Solid lines are power law fits to 

relevant sections of the data. Inset shows data for a 1.2 nm thick membrane, shown separately for 

clarity. Indicated data point is the smallest pore realized in that membrane (~2 nm diameter). (c) 

Concatenated event traces of dsDNA translocation measurements with two SS-nanopore devices: 

one 3.1 nm in diameter in a 24.5 ± 0.8 nm thick membrane (left) and one 3.2 nm in diameter in a 4.5 

± 0.6 nm thick membrane (right). All traces were low-pass filtered at 10 kHz. See Ref. 44. 



 

Figure 7. Application of HIM fabricated ultrathin nanopore devices (a) All-points histograms of 

(concatenated) conductance blockades from 50 to 400 mV (low-pass filtered at 10 kHz) for 3 kbp 

dsDNA using a 4.5 nm thick, 3.4 nm diameter SS-nanopore. In each panel, the left-most peak 

corresponds to the baseline (open-pore) conductance. Vertical lines indicate the center of the 

Gaussian fit (gray line) and indicate the evolution of individual conductance populations designated 

by color. (b) Average conductance change vs applied voltage. The dashed lines represent the 

calculated ΔG from geometric models[69] for the blue and red populations, respectively. Schematics 

(top) represent the DNA configuration proposed for each population. Colors match those in (a). See 

Ref. 69.  



 

Figure 8. SiN membrane PL reduction by HIM (a) Schematic illustration of a native SiN membrane 

containing photoluminescent defects. Exposure to a low intensity He+ ion beam amorphizes these 

defects and thus reduces membrane PL. (b) Analysis of membrane fluorescence intensity in 500 nm2 

square patterns with varying He+ ion dose. Circles and squares are data from two separate chips and 

the solid line is an exponential fit to the data. Inset: fluorescence image of a native membrane (left) 

and nearly total PL suppression (right). Arrows indicate respective data points. (c) Optical image (left) 

of a He+ ion-bleached square containing a single SS-nanopore with diameter of 5 nm. Scale bar is 2 

µm. Typical raw traces taken with the device, showing Cy3-labeled DNA translocation events using 

both conventional ionic conductance (center) and fluorescence intensity (right). Scale bar applies to 

both traces, with a horizontal scale of 2.5 s and a vertical scale of 0.5 nS (electrical) and 12.5 a.u. of 

gray scale (optical). See Ref. 79. 



 

Figure 9. High-throughput optical detection of ssDNA translocations Fluorescence image of a 

20 x 20 array of ~5 nm diameter SS-nanopores formed in a SiN membrane with locally-quenched 

background fluorescence. Image is an average of 100 video frames and contrast has been adjusted 

for clarity. Scale bar is 2.5 µm. (b) Raw fluorescence intensity traces measured simultaneously from 

video of Cy3-labeled ssDNA translocations through five typical nanopores within the array, each 

outlined with a square and numbered. Trace 6 is measured on a proximal region of the membrane 

with reduced-fluorescence but no pore. Scale bar is 0.5 s (horizontal) and 30 a.u. (vertical). See Ref. 

79. 



 

 Figure 10. Manipulation of SS-nanopore device properties with He+ ions Varying He+ ion dose 

can be used to control a range of device properties. Images show: TIRF micrograph of a ring pattern 

(left) exposed to low He+ ion dose around a single pore, demonstrating PL reduction; STIM 

micrograph (center) of a nanopore (bright spot) fabricated in a square region of reduced thickness, 

demonstrating the effect of intermediate ion dose on membrane thickness; TEM image (right) of a 

~20 nm diameter nanopore, demonstrating complete ablation of membrane material to form a pore. 

Scale bars are 4 µm, 100 nm, and 20 nm, respectively. Schematic above each image illustrates the 

affect of incident He+ ion dosage on membrane properties and dimensions.  

 

 


