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METHODS FOR FABRICATING HIGH ASPECT RATIO PROBES AND DEFORMING

HIGH ASPECT RATIO NANOPILLARS AND MICROPILLARS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Prov. App. No. 61/208,528 filed on

February 25, 2009, and U.S. Prov. App. No. 61/164,289 filed on March 27, 2009, both of which

are incorporated herein by reference in their entirety. The present application is also related to

U.S. Pat. App. No. (Attorney Docket No. P508-US) for 'Methods for

fabricating high aspect ratio micropillars and nanopillars' filed on even date herewith, the

disclosure of which is also incorporated herein by reference in its entirety.

STATEMENT OF GOVERNMENT GRANT

[0002] The U.S. Government has certain rights in this invention pursuant to Grant No.

DMR0520565 awarded by the National Science Foundation.

FIELD

[0003] The present disclosure relates to probes, micropillars and nanopillars. More in

particular, the present disclosure relates to methods for fabricating high aspect ratio probes and

deforming high aspect ratio micropillars and nanopillars.

BACKGROUND

[0004] Defining high aspect ratio structures with controllable sidewalls in silicon has become

increasingly important both in the nanometer and micrometer scale for solar cells,

microelectronic devices, and chemical analysis (see, for example, references 1-5). High aspect

ratio micrometer pillars are used for solar cell investigations while nanometer scale high aspect

ratio pillars are enabling fundamental investigations in theories of nanopillar stress mechanics

(see, for example, reference 5), silicon based lasers, and nanoelectronic devices such as finFETs

(see, for example, reference 2). Currently various nanofabrication techniques exist that rely on

self assembly or bottom-up processing (see, for example, reference 6). Some top-down



processing enabling reproducibility in nanofabrication can be found, for example, in references

7-8.

[0005] Further applications are high surface area chemical sensors (see, for example,

reference 3) mechanical oscillators (see, for example, references 15-16) and piezo-resistive

sensors. High aspect ratio pillars with diameters between 50-100 nm could prove useful for core-

shell type plasmonic resonators (see, for example, reference 17) while pillars with sub- 10 nm

diameters have shown promising light emission characteristics (see, for example, references 18-

19).

[0006] When fabricating high aspect ratio nanopillars and micropillars, smooth sidewalls with

controllable angles, and precision patterning is highly desirable. Moreover, high reproducibility

and cost reduction involves reliable reproduction of identical structures and critical positioning

of such structures (see, for example, references 20-21, for experimental applications). Achieving

these criteria has been greatly enhanced by inductively coupled plasma (ICP) etching techniques.

Etches utilizing etch / passivation chemistries such as the cryogenic silicon etch (see, for

example, reference 9 ) and SF6/C4F8 silicon etch (see, for example, reference 10), have enabled

smooth and controllable sidewalls. Using electron beam lithography, resolution has improved to

the tens of nanometers. Transferring such features to a substrate involves high quality of etch

masks (see, for example, references 11-12). High selectivity of the resist will result in deeper

etched features. A thicker resist may be used to achieve a greater etch depth trading off the

maximum achievable resolution. A previously reported selectivity for cryogenic etch mask is

100:1 when using photoresist and 200:1 when using silicon dioxide (see, for example, reference

14).

[0007] Mechanical manipulation of micropillars and nanopillars using electro-static actuation

(see, for example, references 20-21) involves a continuous supply of power to maintain

deformation. A strain of less than 3% can be achieved (see, for example, reference 22-23) using

deformation methods such as pseudomorphic growth. Given its impact on electronic as well as

optical properties (see, for example, references 23-25), methods to accurately control strain are

becoming increasingly popular in modern devices.



[0008] Anisotropic strain has recently been exploited as a method for breaking the inversion

symmetry in silicon photonics (see, for example, references 24-25) introducing a second order

non-linearity. Furthermore, such asymmetrically strained materials can exhibit interesting optical

selection rules (see, for example, reference 23) based on the strained splitting of the degenerate

light and heavy hole bands. Previously proposed methods to introduce strain typically rely on the

deposition of lattice mismatched layers, a method which can incorporate a few percent of strain,

and which is fixed at fabrication time (see, for example, references 22-23).

SUMMARY

[0009] According to a first aspect, a method for fabricating high aspect ratio probes is

provided, comprising: providing a substrate comprising high aspect ratio pillars; coating the

substrate with a resist and defining a metal pattern; depositing a metal layer on the resist; and

lifting off the resist to create metal contacts for the high aspect ratio pillars and thereby forming

the high aspect ratio probes.

[0010] According to a second aspect, a method for fabricating a high aspect ratio male-female

connector is provided, comprising: providing a first substrate comprising a high aspect ratio

pillar; coating the first substrate with a first resist and defining a first metal pattern; depositing a

first metal layer on the first resist; lifting off the first resist to create a first structure, the first

structure comprising the high aspect ratio pillar coated with a metal contact; providing a second

substrate comprising a high aspect ratio hole; coating the second substrate with a second resist

and defining a second metal pattern; depositing a second metal layer on the second resist; lifting

off the second resist to create a second structure comprising the high aspect ratio hole coated

inside with a metal layer; wherein during operation, a male-female connection is established by

inserting the first structure into the second structure.

[0011] According to a third aspect, a method for fabricating high aspect ratio probes is

provided, comprising providing a substrate; coating the substrate by a first resist; defining high

aspect ratio pillars by patterning and exposing the first resist; developing the first resist;

depositing an etch mask on the first resist; placing the first resist in a chemical bath to dissolve

the resist and the etch mask; etching the substrate; removing a remainder of the etch mask to

form high aspect ratio pillars; recoating the substrate with a second resist and defining a metal



pattern; depositing a metal layer on the second resist; and lifting off the second resist to create

metal contacts for the high aspect ratio pillars and thereby forming the high aspect ratio probes.

[0012] According to a fourth aspect, a method for fabricating an array of high aspect ratio

probes is provided, comprising: providing a substrate; coating the substrate with a first resist;

defining high aspect ratio nanopillars by patterning the first resist; developing the first resist;

depositing an etch mask on the first resist; coating the etch mask with a second resist different

from the first resist; defining a placement of high aspect ratio micropillars by patterning the

second resist; developing the second resist; performing a first etch to create the high aspect ratio

micropillars; removing the second resist; placing the substrate in a chemical bath to dissolve the

first resist and the etch mask; performing a second etch to initiate a generation of the high aspect

ratio nanopillars; removing a remainder of the etch mask to form the high aspect ratio nanopillars

on the high aspect ratio micropillars; and lifting off the third resist to create metal contacts for

the high aspect ratio nanopillars and thereby generating the array of high aspect ratio probes.

[0013] According to a fifth aspect, a method for deforming pillars is provided, comprising:

providing a plurality of pillars partially submerged in a resist; and contracting the resist in areas

surrounding the plurality of pillars to deform the plurality of pillars.

[0014] According to a sixth aspect, a method for capturing small-scale objects is provided

comprising: providing a plurality of small-scale objects surrounded by a plurality of pillars

partially submerged in a resist; contracting the resist to bend the plurality of pillars inward to

squeeze the plurality of small-scale objects and thereby forcing the plurality of small-scale

objects through top of the plurality of pillars.

[0015] According to a seventh aspect, a method for fabricating high aspect ratio probes is

provided, comprising: providing a highly doped silicon substrate; coating the substrate by a

resist; defining the high aspect ratio probes by patterning and exposing the resist; developing the

resist; depositing an etch mask on the resist; placing the resist in a chemical bath to dissolve the

resist and the etch mask; etching the substrate; and removing a remainder of the etch mask to

form the high aspect ratio probes.



[0016] According to an eighth aspect, a probe is provided, comprising: a plurality of

nanopillars placed within controllable distances from one another; and a micropillar underlying

the plurality of nanopillars.

[0017] According to a ninth aspect, a structure is provided, comprising a plurality of pillars

partially immersed in a resist and deformed up to a 23.9% strain

[0018] Further aspects of the present disclosure are shown in the descriptions, drawings and

claims of the present application.

BRIEF DESCRIPTION OF FIGURES

[0019] FIG. 1 shows fabrication steps of micropillars and nanopillars in accordance with an

embodiment of the present disclosure.

[0020] FIG. 2 shows an exemplary pattern for producing micropillars.

[0021] FIG. 3 shows a cross-section SEM image of micropillars.

[0022] FIG. 4 shows plots of pillar height vs. etch time when fabricating micropillars.

[0023] FIG. 5A shows a cross-sectional SEM image of nanopillars.

[0024] FIG. 5B shows a plot of pillar height vs. etch time when fabricating nanopillars.

[0025] FIG. 6 shows another cross-sectional SEM image of nanopillars.

[0026] FIG. 7 shows a transmission electron micrograph of a nanopillar.

[0027] FIG. 8A shows an array of high aspect ratio holes.

[0028] FIG. 8B shows a spectrum using energy dispersive X-ray spectroscopy (EDX).

[0029] FIGS. 9A-B show exemplary embodiments of a probe.

[0030] FIG. 10 shows a structure comprising a micropillar underlying a plurality of

nanopillars.



[0031] FIG. 11 shows strips of deformed pillars.

[0032] FIG. 12A shows rings of nanopillars.

[0033] FIG. 12B shows one of the rings of FIG. 12A after being deformed.

[0034] FIG. 13A shows a ring of nanopillars before deformation.

[0035] FIG. 13B show the ring of FIG. 13A after deformation.

[0036] FIG. 13C shows the ring of FIG. 13B after oxygen plasma release.

[0037] FIGS. 14A-B show diagrams of a theoretical model used to analyze pillar deformation.

[0038] FIG. 15A-B show plots of bend angle and strain vs. pillar diameter respectively.

[0039] FIG. 16A shows a 300 nm alumina polishing bead captured by 100 nm pillars

[0040] FIG. 16B shows 75 nm pillars capturing a collection of alumina beads.

DETAILED DESCRIPTION

[0041] In what follows, methods for fabrication of high aspect ratio micropillars and

nanopillars are described in accordance with various embodiment of the present disclosure. Here

are definitions of some of the terms used throughout the present disclosure:

• The term 'nano Pillar' means any pillar structure between 1 nm and 500 nm in width.

• The term 'micropillar' means any structure between 1 µm and 500 µm in width.

• The term 'aspect ratio' is defined a ratio of the height to the width of a micropillar, a

nanopillar, a hole and/or a probe and the term 'high aspect ratio' intends to indicate an

aspect ratio greater than ten.

• The term 'probe' intends to indicate a pillar shaped conductive device used for

measurement purposes by making an electrical contact.

[0042] According to an embodiment of the present disclosure, fabrication of both micropillars

and nanopillars is performed using standard photo-beam and electron-beam lithographic

techniques. FIG. 1 shows various steps of fabricating micropillars and nanopillars. A sequence of



fabrication steps is indicated by arrows (101). For the sake of simplicity, throughout the present

disclosure, the term 'pillar' intends to indicate both micropillars and nanopillars.

[0043] As shown in FIG. 1, a substrate ( 110) (e.g., a Si substrate) is provided and subsequently

coated by a layer of resist (120). Patterns of high aspect ratio pillars (160) are lithographically

defined and the resist (120) is then exposed (e.g., to ultraviolet 350 nm) and patterns are

developed using a developer (e.g., MF 322). As a result, patterns comprising trenches (130) are

generated. According to an embodiment of the present disclosure, in the scenario where

micropillars are fabricated, the resist (120) can be a Clarion AZ 5214E spin-coated with a

thickness of 1.6 micron. In a further embodiment where nanopillars are fabricated, Poly methyl

methacrylate (PMMA) 950 A 2 is spun to a thickness of approximately 75 nm and exposed via a

10OkV electron beam. The PMMA is developed using a 1:3 mixture of Methly-Isobutyl-Ketone

to isopropanol.

[0044] FIG. 2 shows an exemplary pattern for producing micropillars with circular cross-

sections. The pattern shown in FIG. 2 is an array of hexagonally-packed pillars (260). The

applicants fabricated such patterns wherein the pillars (260) had diameters dl of 5, 10, 20, and

50 microns with a controlled spacing d2 between the pillars (260) equal to dl. The person skilled

in the art will understand that other embodiments, where patterns are of arbitrary cross-sections

and arrangements, can be provided wherein a spacing among pillars is controlled.

[0045] Continuing with the description of the fabrication process described with reference to

FIG.l, in accordance with an embodiment of the present disclosure, an etch mask (140) is then

deposited on the patterned substrate ( 110). To produce the etch mask (140), the applicants used a

TES 1800 DC magnetron sputter system, using a 99.995% aluminum target and a 5:1 mixture of

argon to oxygen as the process gas. The persons skilled in the art will appreciate that this ratio of

gases allows for the aluminum to be sputtered without poisoning the target while still depositing

a stoichiometric alumina. Throughout the present disclosure, the term 'stoichiometric' intends to

indicate a composit material containing the natural ratio of its constituent atoms. As an example,

Silicon Dioxide contains silicon and oxygen atoms in a ratio of 1:2 as the chemical formula is

SiO2. According to a further embodiment of the present disclosure, at 400 watts DC power,

alumina was deposited at an approximate rate of 10 nm per minute.



[0046] Further referring to FIG. 1 and continuing with the description of the fabrication steps

described above, the coated substrate ( 110) is then placed in a chemical bath (e.g., acetone or a

mixture of acetone and dichloromethane when fabricating respectively micropillars or

nanopillars) where the resist (120) and the etch mask (140) (e.g., alumina) are dissolved, leaving

only masking disks (150) on the substrate ( 110). The person skilled in the art will appreciate that

as alumina is brittle, the etch mask (140) fractures as the resist is swelled in the chemical bath

and this results in an easier lift off and therefore an improved feature transfer.

[0047] With continued reference to FIG. 1, etching of the substrate ( 110) is then performed to

produce the high aspect ratio pillars (160) underlying the masking disks (150). The applicants

used Oxford Instrument's PlasmaLab SystemlOO ICP-RIE 380s to perform etching. According to

some embodiments of the present disclosure, two different fluorinated etch chemistries can be

utilized: a SF O cryogenic etch, which is more chemical in nature and the Pseudo Bosch (

SF6 C Fg), which involves more physical milling than the cryogenic etch. Throughout the present

disclosure, the term 'Pseudo Bosch' intends to indicate an etching that involves SF6 and C4F

wherein both gases are injected simultaneously. Both etch chemistries utilize a simultaneous

etching and passivation technique, allowing for precise control over the etch anisotropy. The

applicants used the SF6ZO 2 cryogenic etch for the creation of micropillars and the Pseudo Bosch

(SF6ZC 4Fs) to fabricate nanopillars. The person skilled in the art will understand that other

etching methods such as inductively coupled plasma (ICP), reactive ion etch, electron cyclotron

etch (ECR), chemically assisted ion beam etch and wet etching can also be used.

[0048] As shown in FIG.l, the masking disks (150) are then removed to generate high aspect

ratio pillars (160). In accordance with embodiments of the present disclosure, a removal of the

masking disks (150) can be performed using either buffered hydrofluoric acid or ammonium

hydroxide mixed with hydrogen peroxide (known in industry as RCA-I cleaning.) These

removal methods have minimal impact on the substrate (110).

[0049] Cryogenic etching achieves etch rates of several microns per minute, facilitating a

fabrication of large structures. As shown in FIG. 3, the applicants fabricated pillars (310) with

aspect ratios greater than 12 and etch depths up to 150 microns. FIG. 3 shows a cross sectional

SEM image of 5 micron diameter silicon pillars (310) cryogenically etched to a height of 83



microns and masked using 110 nanometers of alumina, displaying a selectivity of approximately

755:1 and aspect ratio of 25. As shown in FIG. 3, the pillars (310) are 1.4 degrees reentrant.

Throughout the present disclosure, the term 'selectivity' is defined as the ratio of a maximum

achievable etch depth in a substrate to the ratio of the etch mask employed. An ICP power of 900

W combined with a RIE power of 3 to 9 W established a strong chemical etch with minimal

milling. A 10 to 1 ratio of SF to Ch balances the etch and passivation rates to provide sidewall

angles of 88 to 9 1 degrees.

[0050] According to various embodiments of the present disclosure, for each set of 5-50

micron diameter pillars, etch depths between 50 and 160 microns can be achieved by varying the

etch time as shown in plots of FIG. 4 . Furthermore, a surface roughness 20 nanometers can also

be achieved. Throughout the present disclosure, the term 'surface roughness' is defined as the

maximum height or width of irregularities found on the surface of an etched structure. An

increase in separation between curves with an increase in etch time can also be seen in FIG. 4 .

This is an indication of etch dependence on aspect ratio. Moreover, etch rates, corresponding to

the slope of the curves, are also noted to decrease as the aspect ratio increases. Referring to FIG.

4, one can further note that etch rates begin to diverge across pillar diameters and decrease as the

etch continues deeper into substrate. This shows that as the aspect ratio of the etch increases, the

etch rate decreases in a manner similar as demonstrated previously using a Bosh etch (see, for

example, reference 13).

[0051] FIG. 5A shows SEM image of 150 nanometer diameter silicon pillars (510) etched to a

height of 1.2 microns using the Pseudo Bosch etch and masked using alumina with a thickness of

30 nm. Various pillar diameters, ranging from 30 nm to 250 nm, were arranged on a sample and

etched simultaneously. FIG. 5B shows a plot of pillar height vs. etch time. Error bars in the plot

of FIG. 5B indicate a range of etch depths for different pillar diameters. This demonstrates that

aspect ratio has minimal effects on nanopillars as compared to micropillars. The applicants used

an ICP power of 1200 W combined with a RIE power of 20 W where a balanced chemical /

mechanical etch was established. Since this etch is slower than the cryogenic etch, it provides

improved control over etch depth for creating nanopillars. The applicants fabricated nanopillars

with aspect ratios of over 25 and pillar diameters from 30 nm to 200 nm. Vertical sidewalls are



achieved using a SF to C4F8 ratio of 33:57. Moreover, the applicants produced Pillar heights of

over 2 microns with no noticeable notching.

[0052] FIG. 6 shows an SEM image of alternating rows of 40 and 65 nanometer diameter

silicon pillars (610) etched to a height of 780 nanometers using the Pseudo Bosch etch with a 30

nanometers thick alumina etch mask according to an embodiment of the present disclosure.

[0053] FIG. 7 shows a transmission electron micrograph of a 100 nm wide nanopillar (705).

As can be seen in FIG. 7, etch sidewalls (710) are straight with little undercut and no notching at

a base (720). The image shown in FIG. 7 was generated using bright field reflection electron

microscopy in a FEI transmission electron microscope. Surface roughness on the 100 nm

diameter pillar (705) is estimated to be less than 5 nm. The image shown in FIG. 7 is rotated

approximately 60 degrees clockwise.

[0054] With reference to FIG. 1, in what follows, some details regarding alumina used as the

etch mask (140) are described.

[0055] Stoichiometry of a sputtered alumina is determined using energy dispersive X-

rayspectroscopy (EDX) and a resulting spectrum. As shown in FIG. 8B, in accordance with an

embodiment of the present disclosure, an analysis of the spectrum indicates that the etch mask

(140) of FIG. 1 is within 0.6% of stoichiometric alumina with a ratio of oxygen to aluminum

very nearly 3:2. DC resistance measurements of the alumina further ensure the etch mask (140)

of FIG. 1 is electrically insulating rather than conducting, as aluminum is. The electrically

insulating feature of the etch mask (140) avoids potential notching. Furthermore, a use of

alumina resulting an easy removal. According to an embodiment of the present disclosure, an

alumina layer can be stripped using buffered hydrofluoric acid at a rate of approximately 12 nm

per minute.

[0056] With further reference to FIG. 1, according to an embodiment of the present disclosure,

a use of alumina as the etch mask (140) for fluorinated silicon etch chemistries will provide a

selectivity of as high as 5000:1. In another embodiment, for the cryogenic etch, a 26 nm thick

alumina mask can be used to etch more than 100 microns into a substrate.



[0057] FIG. 8A shows an array of 20 micron diameter holes (810) etched 64 microns deep and

spaced 20 microns apart. The arrays of the holes (810) shown in FIG. 8A was fabricated using a

method substantially similar to the fabrication method describe with reference to FIG. 1. An

alumina etch mask of less than 20 nanometers thick was used yielding a selectivity of 3200:1. As

shown in FIG. 8B, an energy-dispersive x-ray analysis (EDAX) spectrum (not shown) was taken

of the alumina etch mask displaying a measured ratios of oxygen to aluminum of 1.4906; 0.6%

of stoichiometric alumina.

[0058] In accordance with other embodiments of the present disclosure, using the Pseudo

Bosch etch chemistry, an alumina etch mask of 25 nm, 80 nm diameter pillars were etched to

heights of 1.7 microns yielding a selectivity of better than 68: 1.

[0059] Referring to FIG. 1, the described fabrication sequence can be used to produce

devices such as probe tips, male and female mating components, and probe cards. In what

follows, fabrication of such devices and related methods are described.

[0060] FIGS. 9A-B show two exemplary embodiments of a probe (900, 901). The probe

(900) comprises a metal pad (92) formed on a pillar (91) and the probe (901) comprises a pillar

(93) coated with a metal layer (94). In accordance with an embodiment of the present disclosure,

the pillar (93) can have a diameter of 50 nm and the metal layer (94) can be 20 nm thick.

Embodiments can be envisaged wherein the probe (901) can be inserted into a high aspect ratio

hole coated with metal layer, thus forming a male-female connector.

[0061] Referring to FIGS. 9A-B, in some embodiments, in order to generate the metal pad

(92) or the metal layer (94), a resist (e.g., photo-resist or electron-beam resist) can be used to

define a metal pattern. This is followed by depositing metal and then lifting off the resist to

produce the metal pad (92) or the metal layer (94). This allows for probes to be mass produced

with precision alignment using lithographic techniques. By way of example and not of limitation,

techniques such as plasma sputtering, electroplating and metal evaporation can be used for metal

deposition.



[0062] Using methods similar to the one described with reference to FIG. 1, in accordance to

further embodiments of the present disclosure, a highly doped Si is used to generate a probe. As

such, when the probe makes contact with an external metal, an Ohmic contact is made allowing a

signal to be transferred from the external metal to the probe.

[0063] Height of probes fabricated based on the above-mentioned methods can be further

extended using methods described below in accordance with some embodiments of the present

disclosure.

[0064] FIG. 10 shows a structure (1000) comprising a micropillar (101) underlying a

plurality of nanopillars (102). According to an embodiment of the present disclosure, the

nanopillars (102) can be 1 micron tall with a diameter of 100 nm. In accordance with a further

embodiment of the present disclosure, fabrication of the structure (1000) can be performed in

two etching steps and using fabrication steps substantially similar to the ones described with

reference to FIG. 1. Patterns corresponding to the nanopilars (102) are first defined using a first

resist (e.g., electron-beam). This is followed by deposition of an etch mask (e.g., alumina).

Subsequently, patterns related to the micropillar (101) are defined using a layer of a second resist

(e.g., photoresist), different from the first resist, the layer of the second resist covering the

patterns related to the nanopillars (102). A first etch (e.g., cryogenic) is then performed to create

the micropillar (101) and the layer of the second resist is subsequently removed. This is followed

by performing a second etch to produce the nanopillars (102). A remainder of the etch mask is

then removed to produce the structure (1000) of FIG. 10.

[0065] In what follows, controllable deformation of micropillars and nanopillars and related

methods are described in accordance with several embodiments of the present disclosure.

[0066] In order to demonstrate deformation of pillars, a sample comprising an array of pillars

on a substrate is provided. The array of pillars is then coated with a layer of polymer serving as

resist. The layer of polymer is then planarized (e.g., using an oxygen plasma) to achieve a

desired resist height. According to some embodiments of the present disclosure, a volumetric

contraction of the resist can be used to selectively deform pillars. It has been noted (see, for

example, references 26-27) that under high electron beam doses (e.g., approximately ten times



the standard dose used in electron-beam lithography) an originally positive-tone PMMA cross

links, i.e., behaves as a negative resist. Throughout the present disclosure, the term 'standard

dose' for Poly-methl-Methacrylate (PMMA) intends to indicate a quantity of 1000-1400

microCoulombs/cm Λ2 . Along with this change in resist tone, cross-linking causes a volumetric

contraction of the resist. Applicants used PMMA as the resist wherein a selective deformation of

the pillars was performed using the above-described volume contraction of the PMMA.

Throughout the present disclosure, the term 'cross-link' intends to indicate a scenario wherein

one organic molecule links to another organic molecule. As an example, PMMA molecules bind

together with Carbon- Carbon bonds to make other PMMA molecules. According to further

embodiments of the present disclosure, a force exerted by the PMMA on the pillars can be tuned

by varying an electron beam-exposure, heating, and selective polymer removal resulting in

controllable and reversible bending and straining of the pillars. Due to the stability of PMMA at

room temperature, a configuration of deformed pillars remains fixed, enabling further electrical

or mechanical tests to be performed on the sample while under strain.

[0067] FIG. 11 show two strips of nanopillars ( 1101, 1102) fabricated using the methods

described with reference to FIG. 1. The two strips of nanopillars ( 1101, 1102) are 75 nm thick

and submerged into a 300 nm thick PMMA. In accordance with an embodiment of the present

disclosure, by exposing only a section of the strips of nanopillars ( 1101, 1102), i.e., nanopillars

shown inside a dashed rectangle ( 1103), cross linking of PMMA occurs and those nanopillars

shown inside the dashed rectangle ( 1103) are pulled inward. This is also shown in more detail in

a right hand side inset of FIG. 11. A length of exposure dictates an electron dose and hence an

amount of contraction between nanopillars. Since the Applicants performed exposure in an SEM,

they could view the progress of deformation in real time, freeze exposures, take measurements

and continue until a desired exposure was obtained. Using this process, a precision equal to SEM

resolution is achievable in the final positioning of the strips of nanopillars ( 1101, 1102).

[0068] FIG. 12A shows rings (1200) of eight nanopillars (1205) fabricated based on the

methods described with reference to FIG. 1. The nanopillars (1205) are 75 nm in diameter and

800 nm tall. The rings were initially 500 nm in diameter with 230 nm circumferential spacing

between the nanopillars (1205). A central region of the rings (1200) were exposed in SEM,



yielding a uniform radial deformation of the nanopillars (1205). Contraction terminated when the

nanopillars (1205) were flush, with a final diameter of 184 nm after exposure. FIG. 12B shows

one of the rings (1200) after contraction.

[0069] FIG. 13A shows a ring (1300) of eight nanopillars (1305) fabricated based on the

methods described with reference to FIG. 1. The ring (1300) has a diameter of 500 nm. The

nanopillars (1305) are 50 nm in diameter and 1 µm tall. Using the same methods as described

with reference to FIGS. 11-12, a deformation of the nanopillars (1305) was performed until the

nanopillars (1305) were fully touching as shown in FIG. 13B. By measuring a beam current and

exposure time, the Applicants determined that by using a dose of approximately 10,000 mC/cm2

full contraction of the nanopillars (1305) can be achieved as shown in FIG. 13B. This dose

matches other results corresponding to a full cross-linking of PMMA (see, for example,

reference 27). As can be seen in FIG. 13C the nanopillars (1305) are back to their original

position after PMMA removal. With reference to FIG. 13B, a consequence of exposing a resist

such as PMMA is its resilience to dissolution by acetone (see, for example, references 26-27).

Once an area of interest was exposed a sample comprising the ring (1300) was dipped in acetone

to remove a non-exposed portion of the PMMA, leaving the nanopillars (1305) locked in place

while freeing the rest of the sample from the PMMA. This permits further possible processing to

be performed on the sample. According to various embodiments of the present disclosure, pillars

can be relaxed from deformation by heating, causing the PMMA to reflow or by removing the

PMMA using an oxygen plasma. FIG. 13C shows the ring (1300) after applying oxygen plasma.

[0070] As will be described in below, in order to estimate a strain induced in pillars, a

structure was analyzed by the Applicants in a manner similar to Timoshenko's treatment of a

bimetallic strip (see, for example, reference 28). The actual geometry and material characteristics

of a cross-linked region are difficult to measure and likely nonuniform, in reality behaving as a

distributed film rather than an isolated region with clear boundaries. Additionally, the system

could be complicated by slip at the interface, nonlinear elastic behavior of the polymer, and

increasingly surface-dominated mechanical characteristics at the nanoscale. In spite of the

simplified model, however, the proposed treatment shows excellent agreement with experimental



data. Furthermore, the analysis predicts a constant radius-of-curvature yielding a conservative

estimate of the maximum strain.

[0071] As shown in FIG. 14A, the Applicants modeled a pillar (1400) as a cylinder with

diameter d, and approximated a cross-linked region (1401) of PMMA which contributes to the

deformation as a semicircular shell around the pillar (1400) with radial thickness t and originally

spun to a film thickness L. After exposure, the cross-linked region (1401) would undergo a

uniform vertical contraction (as shown in FIG. 14B) by an amount ∆L (not shown),

corresponding to a unit contraction a = —. This causes the pillar (1400) to bend to an exit angle

θ between a pillar axis (1404) and substrate normal (1403).

[0072] Following Timoshenko, one can find:

where p is the radius of curvature and a = — is the unit contraction of the PMMA. Cp, Cs

denote the center-of-mass coordinates, Ip, Is the cross-sectional moments, Ap, As the areas, and

Ep, Es the Young's moduli for the PMMA and silicon, respectively. The exit angle θ = L/p can

be obtained as follows:

La(C - C )
θ = — (2)

As Ap EpAp E A V ' s>

[0073] Referring to FIG. 14, for the geometry described above and assuming a coordinate

system where x = 0 corresponds to a center of the pillar (1400), the following equations can be

obtained :



cs = 0
_ 3d 2 +6dt +4t2

p 3π {d +t)

7U
A =

4
π (d +1)

A =

πd _
i =

64

Taking Es = 160GPa and Ep ~ 5GPa as the Young's modulus for the exposed PMMA (see, for

example, reference 27), one can solve for the remaining free parameters using a least-squares fit

between the measured pillar angles and the analytic expression for θ, obtaining ∆L ~ 43nm and t

46nm. This contraction is on the order of the vertical contraction in overexposed PMMA

reported elsewhere (see, for example, reference 27).

[0074] Some results related to the above-described analysis are shown in FIGS. 15A-B. FIG.

15A shows a plot of the exit angle θ of FIG. 14 vs. the Pillar diameter d as shown in FIG. 14. As

can be seen in FIG. 15A, the exit angle θ does not show any measurable dependence on resist

thickness. Referring to the equations described above, this corresponds to a fixed ∆L rather than

a fixed unit contraction α as one might expect. The cause of this behavior might indicate that the

deformation is occurring over a length which is smaller than the total resist thickness. If this is

the case, the strain required to accomplish the same deformation over a reduced distance would

be higher than that estimated. Were this distance also fixed, the strain curves would be

independent of the PMMA starting thickness.

[0075] With further reference to FIG. 14, in order to provide a conservative strain estimate, it

is assumed that the deformation is uniform and occurs over the entire submerged length of the

pillar. It is noted that the portion of the pillar which extends beyond the PMMA remains

unstrained. Using ε = —for the strain, a maximum strain can be found as:



where ∆p =Cn-Ce is the distance between a neutral axis (Cn) and a far edge of the pillar (1400)

i.e., Ce:

E A C +E A C
C. =

EΛ +EpAp

C = - -
e 2

Related results are plotted in FIG. 15B. Throughout the present disclosure, the term 'neutral axis'

refers to a location in a bent pillar where there is no strain. As shown in FIG. 15B, the Applicants

could controllably incorporate a 23.9% strain in 30 nm diameter single crystal nanopillars.

Throughout the present disclosure, the term 'strain' is defined as the ratio between the amount of

elongation or compression of the pillar to the length of the original pillar. The strain profile

within the pillar is anisotropic. Based on the location of the neutral axis, it is possible to

introduce both tensile and compressive strain or solely tensile. For large pillar diameters, the

neutral axis lies inside the pillar, resulting in tensile strain at an outer edge and compressive

strain on an inner edge. As the diameter decreases, however, the neutral axis moves toward the

PMMA. For Cn > d/2, corresponding to d <17.6 nm, the strain is tensile throughout the pillar

cross section.

[0076] In what follows, the ability, methods for capturing small-scale size objects are

described in accordance with an embodiment of the present disclosure. Throughout the present

disclosure, the term 'small-scale size objects' intends to indicate objects with dimensions within

nm to µm range.

[0077] FIG. 16A shows an array of pillars (1600) that had been selectively deformed using

the methods described with reference to FIGS. 11-13 to capture a 300 nm aluminum oxide

polishing bead (1601). FIG. 16B shows 75 nm pillars (1603) capturing a collection of alumina

polishing beads (1602) with diameters within a range of 50 nm to 300 nm. During capture, a

contraction of the array of pillars (1603) squeezed the beads (1602) such that they were forced



through top of the closed pillars (1603) as shown in FIG. 16B. Once the pillars (1603) had been

closed, the resist was selectively removed and the captured collection of the beads (1602)

remained trapped within the pillars (1603). The Applicants expect this technique to have

biological applications such as capturing individual cells for further study.

[0078] In summary, according to several embodiments of the present disclosure, methods for

fabricating of high aspect ratio probes and deforming micropillars and nanopillars are described.

Use of polymers in deforming nanopillars and micropillars is also described.

[0079] All references cited throughout the present disclosure are incorporated herein by

reference in their entirety.

[0080] The present disclosure has shown methods for fabrication of high aspect ratio probes

and deforming high aspect ratio micropillars and nanopillars related fabrication processes. While

the high aspect ratio probes and related fabrication processes and methods for deforming high

aspect ratio micropillars and nanopillars have been described by means of specific embodiments

and applications thereof, it is understood that numerous modifications and variations could be

made thereto by those skilled in the art without departing from the spirit and scope of the

disclosure. It is therefore to be understood that within the scope of the claims, the disclosure may

be practiced otherwise than as specifically described herein.
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CLAIMS

1. A method for fabricating high aspect ratio probes comprising:

providing a substrate comprising high aspect ratio pillars;

coating the substrate with a resist and defining a metal pattern;

depositing a metal layer on the resist; and

lifting off the resist to create metal contacts for the high aspect ratio pillars and

thereby forming the high aspect ratio probes.

2 . The method of claim 1, wherein the metal contacts are formed on the high aspect ratio

pillars.

3 . The method of claim 1, wherein the high aspect ratio pillars are coated with the metal

contacts.

4 . The method of claim 3, wherein the metal contacts have a thickness of 20 nm or more.

5 . The method of any one of the previous claims, wherein the high aspect ratio pillars are

nanopillars with diameters ranging from 30 to 50 nm with aspect ratios greater than 25.

6 . The method of claim 5, wherein the nanopillars are controllably placed at a distance of 50

nm or more from one another.

7 . A method for fabricating a high aspect ratio male-female connector comprising:

providing a first substrate comprising a high aspect ratio pillar;

coating the first substrate with a first resist and defining a first metal pattern;

depositing a first metal layer on the first resist;

lifting off the first resist to create a first structure, the first structure comprising

the high aspect ratio pillar coated with a metal contact;

providing a second substrate comprising a high aspect ratio hole;



coating the second substrate with a second resist and defining a second metal

pattern;

depositing a second metal layer on the second resist;

lifting off the second resist to create a second structure comprising the high aspect

ratio hole coated inside with a metal layer;

wherein

during operation, a male-female connection is established by inserting the first

structure into the second structure.

8. A method for fabricating high aspect ratio probes comprising:

providing a substrate;

coating the substrate by a first resist;

defining high aspect ratio pillars by patterning and exposing the first resist;

developing the first resist;

depositing an etch mask on the first resist;

placing the first resist in a chemical bath to dissolve the resist and the etch mask;

etching the substrate;

removing a remainder of the etch mask to form high aspect ratio pillars;

recoating the substrate with a second resist and defining a metal pattern;

depositing a metal layer on the second resist; and

lifting off the second resist to create metal contacts for the high aspect ratio pillars

and thereby forming the high aspect ratio probes.

9 . A method for fabricating an array of high aspect ratio probes comprising:

providing a substrate;

coating the substrate with a first resist;

defining high aspect ratio nanopillars by patterning the first resist;

developing the first resist;

depositing an etch mask on the first resist;

coating the etch mask with a second resist different from the first resist;



defining a placement of high aspect ratio micropillars by patterning the second

resist;

developing the second resist;

performing a first etch to create the high aspect ratio micropillars;

removing the second resist;

placing the substrate in a chemical bath to dissolve the first resist and the etch

mask;

performing a second etch to initiate a generation of the high aspect ratio

nanopillars;

removing a remainder of the etch mask to form the high aspect ratio nanopillars

on the high aspect ratio micropillars; and

recoating the substrate with a third resist and defining a metal pattern;

depositing a metal layer on the third resist; and

lifting off the third resist to create metal contacts for the high aspect ratio

nanopillars and thereby generating the array of high aspect ratio probes.

10. The method of claim 9, wherein the first resist is an electron-beam resist, the second

resist is a photoresist and the etch mask is an alumina etch mask.

11. The method of any of claims 9 or 10, wherein nanopillars have diameters ranging from

30 to 50 nm with aspect ratios greater than 25 and the nanopillars are controllably placed

within a distance of 50 nm or more from one another.

12. A method for deforming pillars comprising:

providing a plurality of pillars partially submerged in a resist; and

contracting the resist in areas surrounding the plurality of pillars to deform the

plurality of pillars.

13. The method of claim 12, wherein the layer of resist is made of Poly methyl methacrylate

(PMMA).



14. The method of any of claims 12 or 13, wherein the resist is contracted using an electron-

beam having an electron dose, a quantity of which is chosen to turn the PMMA into a

negative tone resist.

15. The method of claim 14, wherein a force exerted by the PMMA to the plurality of

nanopillars is tuned by varying an electron-beam exposure, heating, or selective resist

removal.

16. A method for capturing small-scale objects comprising:

providing a plurality of small-scale objects surrounded by a plurality of pillars

partially submerged in a resist;

contracting the resist to bend the plurality of pillars inward to squeeze the

plurality of small-scale objects and thereby forcing the plurality of small-scale objects

through top of the plurality of pillars.

17. The method of claim 16, wherein the small-scale objects have spherical shapes with

diameters of 50 nm or more.

18. A method for fabricating high aspect ratio probes comprising:

providing a highly doped silicon substrate;

coating the substrate by a resist;

defining the high aspect ratio probes by patterning and exposing the resist;

developing the resist;

depositing an etch mask on the resist;

placing the resist in a chemical bath to dissolve the resist and the etch mask;

etching the substrate; and

removing a remainder of the etch mask to form the high aspect ratio probes.

19. The method of claim 18, wherein the etch mask is an alumina etch mask.



20. The method of claim 14, wherein the plurality of pillars are deformed up to a 23.9%

strain.

21. A probe comprising:

a plurality of nanopillars placed within controllable distances from one another; and

a micropillar underlying the plurality of nanopillars.

22. The probe of claim 21, wherein the controllable distances are 5 nm or longer.

23. A structure comprising a plurality of pillars partially immsersed in a resist and deformed

up to a 23.9% strain.

24. The structure of claim 23, where the resist is a PMMA resist.
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