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technique, a portion of the electron beam interacts with the water vapor in the vicinity of
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SHORT ABSTRACT:
Low pressure scanning electron microscopy in a water vapor ambient is used to machine
nanoscale to microscale features in carbon nanotube forests.

LONG ABSTRACT:

A nanoscale fabrication technique appropriate for milling carbon nanotube (CNT) forests is
described. The technique utilizes an environmental scanning electron microscope (ESEM)
operating with a low pressure water vapor ambient. In this technique, a portion of the electron
beam interacts with the water vapor in the vicinity of the CNT sample, dissociating the water
molecules into hydroxyl radicals and other species by radiolysis. The remainder of the electron
beam interacts with the CNT forest sample, making it susceptible to oxidation from the
chemical products of radiolysis. This technique may be used to trim a selected region of an
individual CNT, or it may be used to remove hundreds of cubic microns of material by adjusting
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ESEM parameters. The machining resolution is similar to the imaging resolution of the ESEM
itself. The technique produces only small quantities of carbon residue along the boundaries of
the cutting zone, with minimal effect on the native structural morphology of the CNT forest.

INTRODUCTION:

Carbon nanotubes (CNTs) and graphene are carbon-based nanomaterials that have attracted
significant attention because of their superior strength, durability, thermal, and electrical
properties. Precision machining of carbon nanomaterials has become an emerging topic of
research and offers the potential to engineer and manipulate these materials towards a variety
of engineering applications. Machining CNTs and graphene requires nanoscale spatial precision
to first locate a nanoscale area of interest and then to selectively remove only the material
within the area of interest. As an example, consider the machining of vertically oriented CNT
forests (also known as CNT arrays). The cross section of CNT forests may be precisely defined by
lithographic patterning of catalyst films. The top surface of the vertically oriented forests,
however, are frequently poorly ordered with non-uniform height. For surface-sensitive
applications such as thermal interface materials, the irregular surface may impede optimal
surface contact and reduce device performance. Precision trimming of the irregular surface to
create a uniform flat surface could potentially offer better, more repeatable performance by
maximizing the available contact area.

Precision machining techniques for nanomaterials frequently do not resemble conventional
macroscale mechanical machining technologies such as drilling, milling, and polishing by means
of hardened tooling. To date, techniques using energetic beams have been most successful at
site-selective milling of carbon nanomaterials. These techniques include laser, electron beam,
and focused ion beam (FIB) irradiation. Of these, laser machining techniques provide the most
rapid material removal rate’?; however, the spot size of laser systems is on the order of many
microns and is too large to isolate nanometer-scale entities such as a single carbon nanotube
segment within a densely populated forest. By contrast, electron and ion beam systems
produce a beam that may be focused to a spot that is several nanometers or less in diameter.

FIB systems are specifically designed for nanoscale milling and deposition of materials. These
systems utilize an energetic beam of gaseous metal ions (typically gallium) to sputter material
from a selected area. FIB milling of CNTs is achievable, but often with unintended byproducts
including gallium and carbon redeposition in surrounding regions of the forest®4. When the
technique is used for CNT forests, the redeposited material masks and/or alters the
morphology of selected milling region, altering the native appearance and behavior of the CNT
forest. The gallium may also implant within the CNT, providing electronic doping. Such
consequences often make FIB-based milling prohibitive for CNT forests.

Transmission electron microscopes (TEMs) utilize a finely focused beam of electrons to probe
the internal structure of materials. Acceleration voltages for TEM operation typically range from
80-300 kV. Because the knock-on energy of CNTs is 86.4 keV?>, the electron energy produced by
TEM is sufficient to directly remove atoms from the CNT lattice and induce highly localized
milling. The technique mills CNTs with potentially sub-nanometer precision®>’; however, the



process is very slow — often requiring minutes to mill a single CNT. Importantly, TEM-based
milling approaches require CNTs to first be removed from a growth substrate and dispersed
onto a TEM grid for processing. As a result, TEM-based methods are generally not compatible
with CNT forest milling in which the CNTs must remain on a rigid substrate.

Milling of CNT forests by scanning electron microscopes (SEMs) has also received attention. In
contrast to TEM-based techniques, SEM instruments are typically unable to accelerate
electrons with sufficient energy to impart the knock-on energy required to directly remove
carbon atoms. Rather, SEM-based techniques utilize an electron beam in the presence of a low-
pressure gaseous oxidizer. The electron beam selectively damages the CNT lattice and may
dissociate the gaseous ambient into more reactive species such as H,0; and the hydroxyl
radical. Water vapor and oxygen are the most commonly reported gases to achieve selective
area etching. Because the SEM-based techniques rely on a multiple-step chemical process,
numerous processing variables may influence the milling rate and precision of the process. It
has been previously observed that increasing acceleration voltage and beam current directly
increase the milling rate because of an increased energy flux, as expected!!. The effect of
chamber pressure is less obvious. A pressure that is too low suffers from a deficiency of the
oxidizing agent, decreasing the milling rate. Further, an over-abundance of gaseous species
scatters the electron beam and decreases the electron flux in the milling region, also decreasing
the material removal rate.

To estimate the carbon removal rate, an approach similar to that used by Lassiter and Rack!?
was employed, whereby electrons interact with precursor molecules near the surface to
generate reactive species that etch the substrate surface. From this model, the etch rate is
estimated as
Ny
Etch Rate = 7xA,,Fe

where Na is the surface concentration of the etchant species, Z is the surface concentration of
available reaction sites, x is a stoichiometry factor relating the volatile etching products
generated relative to the reactants, A; represents the probability of generating the desired
etching species from an electron-water vapor collision, and I'e is the electron flux at the
surface. The factors of x and A are assumed to be unity, while Z is assumed to be nearly
constant and significantly larger than NA. Further details may be found in our previous work.!

In this article, a procedure is explored that uses low-pressure water vapor within a SEM to mill
regions ranging from individual CNTs to large volume (tens of cubic micrometers) material
removal. Here we demonstrate the technique used to mill CNT forests using an ESEM by the
use of reduced area rectangles, horizontal line scans, and software-controlled rastering of the
electron beam. Additional software and hardware are required for pattern generation, as
outlined in the Materials Table. Emphasis is placed on removing relatively large (100’s of cubic
microns) material volume from a CNT forest, so the following processing conditions are
relatively aggressive.



When handling the sample and the sample stub, it is important to wear disposable nitrile
gloves. This will prevent oils from being transferred to the stub or sample and consequently
deteriorating the effectiveness of the pumps.

PROTOCOL:

1. Preparation of CNT Forest Sample for Milling

1.1) CNT Synthesis

1.1.1) Deposit 10 nm of aluminum oxide (alumina) on a thermally oxidized silicon wafer using
atomic layer deposition'? or other physical vapor deposition methods.

1.1.2) Deposit 1 nm of iron on the alumina support layer by sputtering'* or other physical vapor
deposition method.

1.1.3) Synthesize CNTs using an established process, such as thermal chemical vapor
deposition®.

1.1.3.1) Heat a 20 mm diameter tube furnace to 750 °C in 400 standard cubic centimeters
(scecm) of flowing helium and 100 sccm hydrogen. Introduce 100 sccm ethylene as a
hydrocarbon feedstock gas for a growth rate of approximately 50 um/min.

1.2) SEM Preparation

1.2.1) Apply carbon tape to a standard 1/2” diameter SEM stub. If tilting the stage is required,
overlap the region of the CNT forest sample to be milled over the edge of the stub. If software-
controlled electron beam rastering will be used in the milling procedure, secure the CNT sample
to an electron beam lithography mount in a similar manner.

1.2.2) If milling the CNT cross section, secure the stub to a 45° stub holder with a set screw.
1.2.3) Vent the ESEM by selecting the “Vent” icon from the ESEM control software.

1.2.4) Open the ESEM stage door, and secure the stub to the SEM stage with a set screw.

1.2.5) Close the SEM chamber and select “High Vacuum” in the ESEM control software.

1.2.6) While the ESEM chamber is pumping, select the electron beam parameters of 5 kV and
spot size of 3.0 using the Beam Control tab within the control software.

1.2.7) Select the secondary electron detector by selecting Detectors | ETD(SE) in the ESEM
control software.

1.2.8) Select the “Beam On” icon in the control software. The beam can be activated only once
the chamber vacuum is less than 10 Torr. Use manual SEM focus control knobs to focus the
sample.



1.2.9) Tilt the sample to 45° using manual tilt stage control knob or by inputting 45° in the
“Tilt” field in the “Coordinates” tab of the ESEM software. Focus on the highest sample. Link the
focal distance to the working distance by selecting Stage | Link Z to FWD in the ESEM software
menu. Input 7 mm into the “Z” field in the “Coordinates” tab within the control software.

1.2.10) Adjust focus, stigmation, brightness and contrast using the manual control knobs to
resolve a well-focused image.

1.3) Beam Adjustment in High Vacuum Mode
1.3.1) Locate a region for milling using navigation controls. Double click within the SEM image
view or by manually turning the x and y control knobs of the SEM stage control to navigate.

1.3.2) Navigate to an adjacent location approximately 100 um away from the milling region.

1.3.3) Consult Figure 1 to estimate the material removal rate of the CNT forest as a function of
pressure, acceleration voltage, dwell time per pixel, and beam current.

1.3.4) Adjust the acceleration voltage to 30 kV and spot size to 5.0 using the ESEM control
software. Adjust image focus, brightness, and contrast using the ESEM control knobs. For

nanometer-scale milling of individual or few CNTs, select 5 kV and spot size of 3.0.

1.3.5) Select a 1 mm aperture by manual aperture adjustment. Adjust focus, stigmation,
brightness, and contrast to obtain a well-resolved image, as previously detailed.

1.3.6) Decrease magnification to < 1,000x.

1.4) SEM Setup in Low Pressure Water Vapor
1.4.1) Select a pressure of 11 Pa in the control software dropdown box.

1.4.2) Select “Low Pressure” mode in the “Vacuum” settings in the ESEM software to introduce
water vapor.

1.4.3) Select “Beam On” in the control software upon pressure stabilization. Select a dwell
time of <10 ps and a resolution of 1024 x 884 in the drop-down boxes of the control software.

1.4.4) Adjust the image brightness, contrast, focus, and stigmation as previously detailed.
1.4.5) Navigate to the desired milling region. Rotate the image orientation by selecting Scan |
Scan Rotation in the control software, if required. Select a suitable rotation angle that aligns

with the native vertical and horizontal scan orientation of the SEM.

1.4.6) For milling feature sizes on the order of 1 um, select a magnification of 40,000x. Select a
magnification of 20,000x to mill features with dimensions up to 5 um.



1.4.7) Pause the electron beam by selecting the ‘ « “icon . An image of the CNT forest will be
displayed and may be used for selecting reduced area milling regions while the beam is paused.

2. CNT Forest Milling

2.1) Instructions for CNT forest milling using a rectangular selected area

2.1.1) Choose the ‘Reduced Area’ tool in the control software, or select Scan-Reduced Area in
the software menu. Extend a reduced area rectangle over the area to be milled.

2.1.2) Adjust the image resolution to 2048 x 1768. Increase the dwell time to 2 ms. If 2 ms is
not available, navigate to the Scan |Preferences and select the “Scanning” tab. Select an
existing scan time and type “2.0 ms” into the “Dwell Time” field. Click “OK” to close the menu.

2.1.3) Select the ‘«“icon in the control software to activate the electron beam.

2.1.4) Select the ‘ « “icon so that the beam rasters over the selected area one time. Select the
icon immediately after step 2.1.3. The scan duration depends on the size of the selected area,
resolution and dwell time and may be approximated by multiplying the number of pixels within
the scan area and the dwell time per pixel.

2.1.5) Decrease magnification to < 1,000x once the beam has completed rastering the selected
area. Revert to the parameters used in step 1.3, including High Vacuum. Select “Beam On” to
engage the beam.

2.2) Instructions for CNT forest milling along a horizontal line

2.2.1) Select the line scan feature by navigating to Scan | Line in the control software. The line
width is determined by the size of the electron beam itself. Adjust the image resolution to 2048
x 1768 from the control software dropdown box. Increase the dwell time to 2 ms as detailed in

step 2.1.2.

2.2.2) Using the still image acquired before pausing the electron beam, place the line over the
area to be milled.

2.2.3) Select the videoscope icon or navigate to the Scan menu and select “Videoscope.” Using
the videoscope tool provides feedback relative to when a line scan has fully completed.

2.2.4) Select the “ « “icon to scan electron beam across the width of the line.
2.2.5) Select the “ « “icon to blank the electron beam.
2.3) Instructions for CNT Forest milling using software-controlled electron beam rastering

2.3.1) Pattern Generation
2.3.1.1) Design a milling pattern of interest using a CAD software package such as AutoCAD.



2.3.1.2) Using “Nanometer Pattern Generation System” (NPGS) software, import the CAD
pattern file.

2.3.1.3) Convert the shapes to solid features by selected “Filled Polygons” in the NPGS
software.

2.3.1.4) Save the drawing as a “.dc2’ file in a designated project folder of NPGS.

2.3.1.5) Using NPGS, navigate to the project folder containing the “.dc2” file. Right select the
“.dc2” file and select “Run File Editor” to convert the drawing to NPGS code. Typical parameters
used to pattern CNT forests at given conditions are as listed below:

Center-to-center distance =5 nm

Line Spacing =5 nm

Magnification = 10,000x

Desired Beam Current = 26

Line Dose = 100 nC/cm

2.3.2) Electron Beam Milling using NPGS Lithography Software
2.3.2.1) Select the “NPGS Mode” in NPGS software button to give control of the SEM to NPGS.

2.3.2.2) Highlight the pattern file and select “Process Run File” in NPGS to initiate milling.

2.3.2.3) Select “SEM Mode” in the NPGS software when patterning is finished. Select “High
Vacuum” in the ESEM control software.

2.3.2.4) Select “Beam On” to inspect the milled region. Use conditions detailed in step 1.3.

3. Sample Removal
3.1) Vent the chamber by selecting “Vent” in the ESEM control software.

3.2) Open the ESEM door. Remove the stub by loosening the set screw.
3.3) Close the chamber door. Select “High Vacuum” in the control software.

REPRESENTATIVE RESULTS:

The ESEM technique was used to mill a CNT forest synthesized using thermal CVD>*6, Selected
area removal of a few CNTs from within a forest is shown in Figure 211, For this demonstration,
parameters include 5 kV, spot size of 3, 11 Pa, 170,000x magnification, 2 ms dwell time, and an
aperture of 30 um.

To demonstrate a larger-scale area removal, the top surface of a CNT forest micropillar was
selected for milling. SEM conditions are selected for rapid, large-area CNT forest removal.
Namely, these conditions include a magnification of 20,000x, a pressure of 11 Pa, acceleration
voltage of 30 kV, spot size of 5, dwell time of 2 ms, and a 1 mm aperture setting. A reduced



area box is chosen such that the irregular top surface to be removed is enclosed within the
selected area. SEM micrographs of the CNT forest pillar are shown in Figure 3 before and after
the selective area milling process. The red line in the figure represents the lower bound of the
reduced area box used for milling.

Non-rectangular geometries achieved using software-controlled electron beam rastering and a
relatively short 20 um tall CNT forest. As shown in Figure 4, a 15 um diameter circle was
machined into a CNT forest. For this demonstration, the CNT forest was milled parallel to the
CNT growth direction (normal to the substrate). Milling parameters used for this demonstration
include a magnification of 10,000x, a pressure of 11 Pa, acceleration voltage of 30 kV, spot size
of 5, dwell time of 2 ms, and 1 mm aperture setting. Figure 4 shows that the process milled the
CNTs fully to the underlying silicon substrate.

Figure 1: Material Removal Rate Variation

Material removal rate (MRR) variation. SEM micrographs demonstrate the MRR in the
transverse direction (a) by varying operating pressure from 133, 66, 33, 66, and 11 Pa (top to
bottom) and (b) in the axial cutting direction by varying dwell time from 3, 2, 1, and 0.5
ms/pixel (left to right). The MRR is plotted as a function of incremental changes in pressure,
acceleration voltage, beam current, and dwell time in the (c) transverse and (d) axial cutting
directions. The MRR as a function of electron dose varies nearly linearly in both the (e)
transverse and (f) axial milling orientation. This figure is reproduced with permission from
reference®’.

Figure 2: Milling of Individual CNTs.
SEM micrograph showing individual CNTs from within a forest selected for local milling (a)
before and (b) after milling. This figure is reproduced with permission from reference!?.

Figure 3: Milling of a CNT Forest.

A 10 um wide CNT forest pillar (a) before and (b) after selective area milling using ESEM-based
milling. Milling conditions include magnification of 20,000x, a pressure of 11 Pa, acceleration
voltage of 30 kV, spot size of 5, dwell time of 2 ms per pixel, and 30 um aperture. The red line in
the figure represents the lower bound of the selective area rectangle used in the milling
process.

Figure 4: Patterned Milling of CNT Forest.

Software-controlled electron beam rastering is used to define and mill a 15 um diameter circle
in a CNT forest. In this setup, the milling direction was parallel to the CNT growth direction from
the top surface to the underlying substrate.

Figure 5: Deposited Carbon after Milling.

SEM micrographs showing the surface finish of ESEM milled CNT forests. (a) The top surface of
a CNT forest shows the surface variation between the milled and as-synthesized regions. (b)
Higher magnifications reveal that some amorphous carbon deposits are left behind during the
cutting process.



DISCUSSION:

The protocol details best practices for milling relatively large (micron-scale) features in CNT
forests. In general, the material removal rate may be reduced by reducing the acceleration
voltage, spot size, and aperture diameter. To trim a specific CNT within a forest, recommended
conditions include 5 kV, a spot size of 3, and an aperture that is 50 um or less in diameter. Note
that the milling technique using reduced area rectangles is detailed such that the electron
beam rasters the enclosed region only one time. The reduced area may be scanned multiple
times if additional cutting depth is desired; however, we illustrate a single scan for simplicity.
We note that the extended electron beam dwell time, high current, and high acceleration
voltage represent conditions that are frequently avoided for imaging of carbon-based materials;
however, these aggressive parameters in a low-pressure water vapor ambient are critical for
achieving large-scale milling. Further, we note that similar imaging conditions in the absence of
low-pressure water vapor results in little CNT damage.

The ESEM-based milling method described in this work is a minimally disruptive machining
method that preserves neighboring CNT forest structural morphology. The technique is
amenable to removing nanoscale features such as segments of individual CNTs and also to
removing regions spanning many microns. We demonstrate the technique using reduced area
rectangles, lines, and arbitrary patterns using software-controlled electron beam rastering.
While the technique is relatively clean compared to FIB-based milling, small amounts of carbon
residue exists on milled surfaces. Current research is addressing avenues for reducing this
residue. Additionally, the material removal rates shown in Figure 1 were obtained for a CNT
forest with CNTs featuring an average outer and inner diameter of 10 and 7 nm, respectively.
Material removal rates are expected to be a function of CNT density, CNT diameter, and CNT
alignment. Figure 1 should be consulted as a guide, recognizing that the stated material
removal rate is specific to this CNT forest morphology. While qualitative trends represented in
the figure are expected to hold for all CNT forests, some experimentation may be required to
find the optimal parameters for a different material system.

While the ESEM machining methodology is demonstrated using CNT forests, it is equally
applicable for graphene and other carbon-based materials. The technique does not require
delamination of the CNT forest for processing and does not introduce external heavy elements
that may significantly alter the surrounding CNT forest morphology. The procedure may be
used for inspecting CNT forest internal morphology, and perhaps for producing 3-D lattices
structures for microscale prototyping which may be functionally coated (with alumina for
enhanced stiffness!”!8, for example).

The technique is currently being utilized to examine the internal structural morphology of CNT
forests. Because structural morphology is intimately linked with functional properties!®1%-22,
characterization of CNT forest morphology in three dimensional space may provide additional
insights into the governing structure-property relationships. With the ability to precisely mill
into a forest and observe the internal nanotube interactions, CNT forest synthesis modeling and
analytical models can be tuned and validated.



The emphasis of the ESEM milling technique to date has been directed towards rapid material
removal with less focus on optimizing conditions for reducing the residual carbon residue. A
future direction is to explore the mechanism of amorphous carbon deposition in the immediate
vicinity of the cut surfaces when large volumes of materials are removed, as shown in Figure 5.
With a broad parameter space available for exploration, including environmental gas
composition, vapor pressure, acceleration voltage, probe current, and electron beam rastering
conditions, enhanced surface cleanliness may be achieved.
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Name of Material/ Equipment Company Catalog Number | Comments/Description
100 mm diameter silicon wafer
i ) ) University Wafer Beginning substrate
with 1 micron thermal oxide
Iron sputter target Kurt J. Lesker EJTFEXX351A2 [Sputter target
For atomic layer
Savannah 200 Cambridge " Y .
deposition of alumina
Environmental scanning
electron microscope used
to support a low-pressure
Quanta 600F Environmental SEM FEI PP p
water vapor ambient
environment for CNT
forest milling
XT Microscope Control software FEI 4.1.7 Control software used on
P " Quanta 600F ESEM
Nanometer Pattern Generation JC Nabity Lithography Version 9 Software used for
System - Software Systems electron-beam
Equi t used f
Dedicated computer with PCI516 qUIPMENT USEL 0T
. electron-beam
Lithography board .
lithography
Optional equipment used
to generate patterns for
DesignCAD software V21.2 g P
electron-beam
lithography
Electron beam lithography
mount with a Faraday cu
E-beam lithography mount Ted Pella 16405 ) y eup
and gold nanoparticles on
carbon tape
Used with the Faraday cu
Picoammeter Keithley 6485 i y eup
to quantify beam current
12.7 mm diameter SEM stub Ted Pella 16111 SEM stub
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45 degree pin stub holder

Ted Pella

15329

Optional equipment used
to mill the cross section of
a CNT forest
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Au_thor(é;);

item 1 (check cne box): The Author elects to have the Materials be made available {as described at

[
http://www.jove.com/publish ) via: M Standard Access w-mé Open Access

item 2 (check one hox}:

£ E‘i’he Authort is. NOT a United States government employee,

r..._m

1 The Author is a United States. government employes and the Materials were prepared in the
course of his or her duties as a United States government employee,

11 The Author is a United States governmerit employee but the Materials were NOT prepared in the

course of his or her duties as 3 United States government emplioyee.

ARTICLE AND VIDEQ LICENSE AGREEMENT

i. Defined Terms. As used in this Article and Video License
Agreemsani, the following terms shall have the following
meanings: “Agreement” nieans this Article and Video Lirense
-hgreement; “Article” means the article specified on the last
page of thls Agreement, including any assodiated materials
sich as 1éxts, figures, tables, artwirk; abstracts, or summaries
contained thereln; “Author” means the author who s a
signatory to this Agreement; “Collective Work” means.a work,
such.as a periodical issue, antheiogy or encyclopedia, n which
the Mateials in thelr entiréty in unmadifiad form, along with a
aumber of other contributions, constituting separate and
independant works In themselves, are assernbled iito a
collective whole; “CRC License” imieans the Creative Comimons
Attribution-Non  Commertialt-No  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http:f/creativecommons.orgflicensesfby-ng-
nd/3.0/legalcode; “Derivative Waork” means a2 wolk based
upen the Materials or upon the Materials and other pre-
existing works, such as a translation, musi’cal arfangement
dramatization, fictmnaiszatmm motion picture varsian, sound
racording, art reproduction, abridgment, condansation, or any
other form inwhich the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreerment, by which the -Author was
‘employed at the time of the creation of the Materials; "JoVE"
means Myjové Corporation, 3 Massachusetts corporation and
the. publisher of The Journii of Visualized Experiments;
"Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video" means any video{s) made
by the Authior, alone or in conjunction with any othir parties,

or by JovE or its gffiltates or agents, individually or in

colfaboration  with the Author or any other parties,
incorporating all or any portioh of the Article, and in which the
Author may or may not appear.
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2. Backpround. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JaVE publish the Articte and create
and transmit vidéos based on the Artitle. In furtherance of
such goais, the Parties desire to memaorialize in this Agreement
the respective rights of each Party in and to the Articls and the
Video.

3. Grant of Rights in Articie. 'n considératjon of JoVE agreeing
1w publish the Article, the Author hereby grants to loVE,
subject to Sections 4 and 7 below, the exclusive; rovalty-fres,
perpetual {for tha full term of cdpyright I the Artidle,
ncluding any extensions thdreto) license {a) te pubiish,
reproduce, distribute, display and store the Anticle inall fofms,
formats and media whether nhow knowa or  hereafter
developed {includihg without limitation i pring, digital and
electionic form) throughout the world, (b) to translate the
Articie-into other languages, create adaptations, summaries of
extracts of the Article of ather Derivative Works {including,
without Emitatian, the Vides) or Coltective Works based o alf
ar any portion of the Article and exercise all of the rights set
farthh in {a) above in such translavions, adaptations,
summnialies, extracts, Derivative Works or Collective Works and
{c} to license others to do any or all of the above: The
foregoing righis rmay be exercissd jo alt medla and formats,
whether now known or hereafter devised, and indude the
right to make stich modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has bean checkad in ftem 1 above, JoVE and the
Author hereby prant to the putilic al] such rights in the Article
os provided in, but subject to &l Emitations and réquiremeants
set forth in, the CRC License.
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4, Retention of Rights In_Article.  Motwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the nén-
explusive Tight to wse all or part of the Article for the non-
commmercial purgese of giving lettures, presenlations gr
teaching classes, and to post @ copy of the Asticle on the
Institulion's website or the Author’s persanil websits, in gach
caze provided that a link to the Article on the 1oVE website is
provided and notice of JOVE'S copyright in the Article is
included, Al non-copyright intellactual property rights in and
w the Article, such as patent rights, shall remain with the
Author,

5. Grant of Bights In Video - Standard Access. This Section 5
apphes If the “Standard Access” box has heaen checked in tém
1 abové or'if ho box has been ¢hacked in itern 1 above. 1n
consideratign of JoVE agreeing to produce, display or
otherwise  assist with the Video, the Author hereby
agknowladges and agrees that, Subject to Section 7 below,
IoVE iz and shall be the sote and exclusive owner of all rights of
any nature, including, without fimitation, all copyrights, in and
te the Video. Tu the extent that, by law, the Author is
degmedd, now or at any time in the futiure, to have any rights
of any nature in or to the Video, the: Author Rereby disclaimis
alisuch rights and transfers all such rights 1o JoVE,

&, Grant of Rights in Video ~ Open Access. This Section 6
apphies only if the "Open Access” box bas been checked in
item 1 above. in consideration of joVE agresing to produce,
display or otherwisg assist with the Video, the Author hereby
grants. to JoVE, subject to Seciibn 7 below, the exclusive,
ravaity-free, perpetusl (for the full ferm of copyright in the
Article, including any extensidng theretn] ticense {a) la publish,
reprodure, distribute, display and store the Video in all forms,

formats and media whether now known -or hereafter
developed (including withgut limitation in print, digital and

slectronic form) throughaut the world, (b} to trapslate the
Video into other languages, create adaptations, summarias or
extracts of the Video or ather Devivative Works or Collective
Works based on sl of any portion of the Video and exercise-alt
of the rights set forth In {3} above i such transiations,
adaptations, summaries, exiracts, Derivative Worke or
Collective Works and {e) 1o Heensa others to do any ar all of
the above. Trz foregoing rights may be exercised in il media
and farmats, whathar now khown or hereafter devised, and
include the right 1o make such modificstions as are-technically,
nefessary to.axercise the righis in other media and formats,
For any Video to which this Sention & is applicable, JOVE and
the Authar hereby grant to the public alt such rghts in the
Video as provided in, but subject to all Bmitations and
requirements set-forth in, the CRE License,

7. Gioveromerit Emplovess. if the Author & a United States
government employes and the Acticle was preparad in the
course of his or her duties as a United States government
employee, as indicated i Hem 2 sbove, and any of the
lwenses ar grants geanted By the Aythor hersuntder exceed the
soope of the 17 U.S.C 403, than the rights granted hereunder
ashall be fimited to the maximuom dghts permittad uader such
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statute. by such case; sl provisions contained herein that are
not in coaflict with such statute shall remain in full foree and
effect, and all provisions cortained Rerein that do so conflict
shall he desmed to be amended so as to provide to JoVE the
maximium fights permissible withinsuch statute.

8. Lkeness, Prvagy, Personality,. The Author hersby grants
JOVE the right ta use the Author's name, Yolce, likeness,
picturd, plintograph, imags, hiography and pedformance jn ahy
way, eomnercial or othenwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author harely waives any gnd all rights he or she may
have, relgting to his or her appearance in the Vidéo or
atherwise relsting to the Materfals, under alt applicable
privacy, itkeness, personality or similar laws,

o, Authdr Warranties. The Author represents and warrants
that the Article is ariginal, that it has not been published, that
the copyright interest is.owned by.the Author {or, iFmore than
ane author s listed at the begihnihg of this Agréement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agréement are the anfy authots of the Materlals. If more
than ope author is listed at the top 'of this Agreement and #
any such author has not entered into a separste Article-and
Video License Agreement with JoVE relating fo the Materials,
the Author reprasents and warrants that the Author has been
authorized by gach of the other stch authors 1o execyte this
Agreaiment on his ot her biehsff and 1o bind him or her with
respact to the terms of this Agreement as if each of them bad
been a party hereto as-an-Authar. The Author warrants that
the wuse, reproduction, distribution; public or  private
performance by display, and/ar modification of all or any
portich of the Materials does not and will ot violate, infringe
andfor misappropriate the patent, trademark, intellectual
property or gthier righis of any third party.  The Author
reprasents and -warrants that it has and will continue 1o
comply with all government, nstitutional and other
regulations, including, without limitation all- mstitutional,
taboratgry, hospital, éthical; human and animal treatment,
privacy, and alf gther rudes, regulations, laws, procedures or
guidelings, applicable to the Materfals, and that all research.
involving human and -aiimal subjects has beer approved by
the Author's relevant jnstitutional review board.

10, JoVE Discretion, if the Author requests the assistance of
JoVE in producing the Video in the Authar's facility, the Author
shall énstrg that the presence of doVE eroployees, agents or
independant contractors. is in accordance with the relevant
regulations of the Author’s institution.  If more than one
author is fisted at the beginhing of this Agreement, JoVE may,

it /s sole discrefion, elact not take any sction with respect to

the Articte until such timé as it has recelvad complets,
executad Article and Video License Agreements from each

such author. JoVE reserves the right, in its absohuite and sofe

distretion and without giving any reason therefore, to attept

or dedine dny work subtnitted fo JoVE.  JoVE and its

employees, agénts and independent contractors shall bave
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full, unfefteréd access to the faclities of the Authar or of the
Author’s institutibin as necessary t¢ make the Video, whether
actually published or not. JoVE has sole discrétion as to the
method of making and publishing the Materials, including,
without fimitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, [ength, guality, content
and the Kke.

11, jndemnification. The Author agrees to indemnify JoVE
and/orits successors and assigns from -and ‘against any and ail

chaims, costs; and expenses, incliding attorney’s fags, arising.
out of any breach of any warranty or other representations.

contained heréin. The Author further agrees toindemnify and
hoid harmiess JoVE from and against any and alf tlaims, casts,
and expensas, including. attorh_ey's faas, restlting from the
breach by the Author of apy representation or warranty
coritained herein or from allegations or instances of violation
of inteliecrual property rights, damage to the Author’s or the
Author's institution’s  facilities, fraud, hbel, defamation,
‘research, eguipment, experiments,; property damage; persona
injury, violations of institutionat, laboratory, hospital, ethical,
human and amimal treatment, privacy or other rules,
repulations, laws, procedures or guidelines, liabilities and
-ather losses or damages related in apy way to tha submission
af work to JoVE, making of videosby JoVE, or publication fn
JOVE or elsewhare by faVE, The Author shall be responsible
for, and shall hold JovE harmless from, damages caused by
lack of sterilization, lack of deanliness or by contamination
‘due to the maling of & video by JoVE its employees, agents ar
independant contractors. Al sterilization, cleanfiness or
decontamination procedures shall be solaly the respansibility
of the Author and shall be urdertaken at. the Agthor's

ARTICLE AND VIDEOQ LICENSE AGREEMENT

expense. All indemnifications provided hereln. shall include
JoVE's attormey’s fees and costs elaled o said losses or
damages. Such indempification and holding, Barmtess shalt
include such losses or damages incurred by, or in connection
with, acts of omiissions of JOVE, its employees, agents or
independant contractars..

17 fees. To cover the rost incurred for puhlication, JoVE
must receive payment before production and publication the
Materials. Paynient v dus in 21 days of invoice. Should the
Materials mot be published gus to an editorial or Produstion
decisian, these funds will he returnad to the Authar
Wiithdrawal by the Author of any submitted Matedals after
final peer veview approval will result in a 185,200 fee {o
cover pre-progduction expenses incurred by JGVE. i payment it
not received by the completion of filming, production and
publication of the Matetials will be suspended until payvment is
received.

13, Tramsfer, Gdverning taw. This Agresment may be

‘assigned by JoVvE and shal] inure to the. benefits of any of

JOVE's successors and assignees.  This Agreement shall be
governetd and construed by the internal laws of the
Commanwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be

‘exacuted it counterparts, each of which shall ba-deemed an

original, bat all of whith together shall be deeme=d fo me one
and the same agreement, A signed copy of this Agreement
delivered by facsimile. e-mail or othar means of electronic
transmission shall be deemed to have the same tepal effect as
delivery of an eriginal signed copy of this Agresment.

A signed copy of this document must be sent with all new submissions. Only one Agysement reguited per submission.

CORRESPONDING AUTHOR:

Narme: LMATTHEW P IMASCHIVIUL ]
Department: .
Institution:

Articie Title:

Signature:

Please submit a signed and dated copy of this license by one of the following three metheds:
1) Upload a scanned copy of the document as a pfd on the.JoVE submission site;

2) Eaxthe documentto +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Rebuttal Comments Click here to download Rebuttal Comments Reviewer
Comments.docx

Editorial comments:

The manuscript has been modified by the Science Editor to comply with the JoVE formatting standard.
Please maintain the current formatting throughout the manuscript. The updated manuscript

(555149 _R1_070816.docx) is located in your Editorial Manager account. In the revised PDF submission,
there is a hyperlink for downloading the .docx file. Please download the .docx file and use this updated
version for any future revisions.

1. Formatting: Please number steps sequentially. For instance, there are two steps 2.1.4.

Completed

2. Grammar: Line 56 — “to selectively removing”

Corrected

3. Visualization: 1.3.3 should not be highlighted for filming as it cannot be visualized.

Figure 1 has been modified and updated.

4. Additional detail is required:
-1.3.3 — It is unclear how Figure 1 would help estimate these values.

L]
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Figure 1 has been modified and updated.
-1.3.8 — How is the milling location noted? Is it marked in the software?

This sentence was removed because it is unnecessary. The intent of the statement was to alert the user
to recall where the location of interest was located within the field of view at lower magnification.

-1.4.5 — What determines the appropriate angle here?

This instruction has been modified with the following sentence: “Select a suitable rotation angle that
aligns with the native vertical and horizontal scan orientation of the SEM.”

-First 2.1.4 — When does rastering begin? How long is the beam on before pausing it?

Rastering begins in the prior step. The pause icon should be selected immediately after the previous
step. This instruction has been modified.

-Second 2.1.4 — How long should the beam be on?

The scan duration depends on the size of the selected area, resolution and dwell time and may be
approximated by multiplying the number of pixels within the scan area and the dwell time per pixel.

-2.3.2.4 — Which conditions? What step 2.1.4?

Step 1.3.6. This has been updated in the manuscript.

5. Please remove commercial branding: Line 113 — “FEI Quanta 600F” — Please indicate that other
systems could be used.

Completed.

6. Discussion:
-Line 341 — Rates are not shown in Figure 1. Please clarify. Figure updated.
-Please discuss the critical steps of the protocol. Additional discussion added.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

This work demonstrates the milling of CNTs using precise oxidative processing. The pictures are
sufficient to represent this technique, and the description seems accurate and thorough. | see no reason
for this to not be accepted for whatever further steps are needed to process a video article.

Major Concerns:
N/A

Minor Concerns:
N/A



Additional Comments to Authors:
N/A

Reviewer #2:

Manuscript Summary:

In this work, the authors provide the protocols and examples for the CNTs milling methods using ESEM.
The detailed processing conditions in ESEM were explained, as well as the synthesis of CNTs forests.

Major Concerns:

1. Although the authors explained the mechanism of CNTs milling process, the current manuscript is not
enough to convey the central physics during those processes for the general readers who do not have
experiences. More detailed descriptions about the underlying physics would be helpful for general
readers.

Although the focus of this manuscript is procedural, we have added an equation to the manuscript to
estimate the etch rate of CNTs based on the SEM parameters and the water vapor ambient. This
equation relates observations to physical mechanisms, as detailed further in reference

2. As the authors mentioned, there have been several techniques to fabricate or manipulate CNT
forests, such as TEM, FIB, and others. It is intuitive that ESEM is more effective and practical for large-
scale applications. However, it would be important that ESEM milling process is able to control the
precise parts or complex shapes. For the visualization of those points, the addition of samples which
have more complex structures via the above CNT milling process would be needed.

The demonstration of a milled circle represents an arbitrary shape that may not be achieved with
conventional x-y rastering of an electron beam. It is our intent to demonstrate that the technique may
be utilized with electron-beam lithography software to enable arbitrary geometry control.

Minor Concerns:

1.1.1) and 1.1.2) This is the general procedure to synthesize vertically-aligned CNTs. In addition to ALD, it
should be mentioned that other deposition methods, such as E-beam or thermal evaporation would be
applicable.

The reviewer is correct in these statements. These steps have been modified to address this point.

1.3.3) Is there any quantified relation between the physical conditions of CNTs and the operating
conditions of SEM? It would be needed to provide the regulation of the processing conditions.

Figure 1 has been modified to provide additional guidance relative to milling rates. Further, the addition
of the etch rate equation on line 115 provides further guidance relative to the quantity of available
reactions sites by CNT defects.

1.4.6) The relation between the milling feature size and a magnification might be described as some
mathmatical formulas or fitting parameters. Or the authors can provide one table to describe the



correlation of feature sizes and magnifications.

The relationship between feature size and magnification is outside of our previous examinations and will
depend intimately on all parameters discussed in the manuscript (acceleration voltage, spot size,
ambient pressure, magnification, resolution, working height, etc.). While it is envisioned that minimum
feature resolution is an important metric for specific applications, we feel that it is outside the scope of
the current work.



